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Basement Control on Volcanic Edifice Stability: Application to Mount Etna 
Angela Castagna 
ABSTRACT 
Volcanic edifices are commonly unstable, and Mount Etna presents instability located in 
its eastern and southern sector. The basement of Mount Etna is characterized by 
sedimentary formations tectonically deformed during the Africa-Europe collision, 
structurally dissected by several active fault systems and subjected to magmatic 
conditions. This PhD thesis is based on laboratory investigations with the aim of 
answering two main questions. 1) What is the influence that temperature and water have 
on carbonate terms belonging to the African plate? Carbonate rock samples belonging to 
the African plateau in subduction under the volcanic edifice were chosen as representative 
of the carbonate lithologies making up the basement and tested under relevant triaxial 
conditions. The results demonstrate how sensitive the rock is to the thermal treatment 
applied to mimic temperature gradient induced by dyke intrusion and to the presence of 
water (e.g. deep hydrothermal conditions). 2) What is then the frictional strength of 
Etnean gouges? The fault systems are indeed juxtaposing different lithologies and, to 
date, there are no information collected on the frictional properties of the Etnean 
lithologies projected to be there. With the aim of investigating the response of the Etnean 
gouges in static and dynamic friction of Etnean, a novel direct shear rig has been designed 
to suit the triaxial apparatus used in this research project. The direct shear holders proved 
to be a valuable technique to investigate the frictional properties of the gouges. Of the 
selected lithologies, the frictional strength is showing a dependence on clay content (e.g. 
decreasing frictional strength at increasing clay content), and an overall strain hardening 
behaviour. 
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1 Chapter 1: Introduction 
1.1 Literature Review  
Instability of a volcanic edifice means that the edifice is somehow weakening, due to 
interconnected factors that play together, even if with different strength, depending on the 
case: the weight of the edifice itself as the edifice is growing is influencing its mechanical 
strength and that of the basement (De Vries and Borgia, 1996), magmatic intrusion via dykes 
and sills or emplacement of larger magma bodies results in damage growth during 
emplacement (Voight and Elsworth, 1997), changes to the stress state during and following 
magmatism (Aloisi et al., 2011, Bonaccorso et al., 2010), and high temperature gradients 
(Bonaccorso et al., 2010). In this last example, transient temperature variation may lead to 
the generation of permanent changes to the hosting material, owing to heat-induced 
mineralogical transitions, hydrothermal alteration, and intrusion-induced fractures. Extreme 
cases of thermal alteration and weakening can enhance catastrophic flank collapses (e.g. 
Voight and Elsworth, 1997; Day, 1996; Elsworth and Day, 1999; Reid et al., 2001; Dieterich, 
1988). Most studies of such effects focus on the volcanic edifice rocks (e.g. Reid et al., 2001), 
or on rocks composing the basement (e.g. Elsworth and Voight, 1992; Delaney and Pollard, 
1982; Heap et al., 2013; Bakker et al., 2015a).  
Basement rocks typically host some type of pore fluid (water, brine, hydrothermal fluids: 
e.g. Day, 1996, Mattia et al., 2015, Dautriat et al., 2011), and owing to the distribution of 
intrusions in sub-volcanic systems, much of the sub-edifice basement is likely to be subject 
to lower – but still elevated – temperatures (i.e. <600 °C). The presence of a sedimentary 
substratum showed to be one of the factor contributing to the development of flank 
instability, as reported by Van Wyk De Vries and Borgia, 1996, and Mount Etna is falling 
into this category. (e.g. Van Wyk De Vries and Borgia, 1996  Mattia et al., 2015).   
Mount Etna is the highest elevation volcano (3200 m.a.s.l.) in Europe and one of the most 
active. The volcanic edifice grew in a relatively short time (e.g. 500.000 yrs) on top of a 
sedimentary basement. Nowadays, the edifice has a basal circumference of 140 km 
elongated in the N-S direction, meaning that it has an elliptical shape. The presence of the 
Appenninic-Maghrebian Chain in its northern and western section acts as a structural 
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buttress for those flanks, while at the eastern side the flank is free to slide towards the Ionian 
Sea: this morphology, decoupled with the regional stress fields counting compression in N-
S direction and extension in E-W direction, works to facilitate the eastern sliding of the flank. 
More detailed information are reported in the following sections and chapters.  
Many volcanoes around the world are surrounded by populous cities, and edifice weakening 
is therefore a direct threat for the population. Indeed, Mount Etna dominates the landscape 
of the populous city of Catania at its southern sector. It is one of the most monitored 
volcanoes in the World, listed amongst the ‘Decade Volcanoes’, a list of the sixteen 
potentially most dangerous volcanoes as compiled by IAVCEI (International Association of 
Volcanology and Chemistry of the Earth’s Interior). Mount Etna, as other volcanoes around 
the world, present flank instability. 
For these reasons, all the knowledge that can be acquired by every research focused on 
different aspects of volcano instability is paramount. In this thesis, the main aspects 
considered are from the mechanical and frictional strength of the rocks composing Mount 
Etna’s basement.  
1.2 Building Mount Etna 
1.2.1 Geological setting of Eastern Sicily 
The complex tectonic and structural configuration of the eastern part of Sicily can be divided 
into three domains (Lentini et al., 2006; Lentini, 2014): (i) the foreland domain; (ii) the 
orogenic belt; (iii) the hinterland domain. The foreland domain, (i) comprises the continental 
areas of the Pelagian block and the Ionian basin. The orogenic domain (ii) sees the 
superimposition of three tectonic belts: in order from the top, the Kabilo-Calabride Chain 
(KCC) over-thrusted onto the units of the Appenninic-Maghrebian Chain (AMC), the latter 
in turn over-thrusted on top of the External Thrust System (ETS), which involves carbonate 
units belonging to the foreland domain (Fig. 1). Finally the Sardinia and Corsica blocks, 
together with the Tyrrhenian basin, are part of the hinterland domain (iii). The volcano 
edifice lies on the complex multilayer basement of orogenic belt, deposited during the 
Neogene Africa-Europe collision. This large event piled up Mesozoic-Cenozoic continental 
and marine sedimentary units belonging either to the European margin, to the Tethydean 
Ocean and to the African plate, transporting and re-arranging them into an accretionary 
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wedge (e.g. Gardu o et al., 1997; Roure et al., 1990; Branca et al., 2011). For the purpose of 
this thesis, the primary focus is on the units of the AMC and the foreland domain, from 
which a number of samples have been collected. A detailed description of the lithologies 
composing the two selected domain follows. The foreland domain in Sicily is dominated by 
rocks of the Pelagian unit consisting of undeformed carbonate sequences outcropping in 
south Sicily, known as the Hyblean Plateau (HP). These gently dip northward below the 
orogenic belt, from 1°-2° in the HP to 4°-6° below the AMC (Doglioni et al., 2001). They 
consist of 25-35 km thick continental crust (Scarascia et al., 2000) underlying approximately 
6-7 km thickness of Mesozoic-Cenozoic carbonate sequences. At the front of the thrust belt, 
towards the AMC, the HP is covered by the Gela-Catania foredeep, a series of quaternary 
sin- and post-deposition sedimentary units. To the west the HP is bounded by north-south 
oriented structures with vertical down-throw, and to the east by the Malta Escarpment, a 
trans-tensional fault system running into the Ionian Sea (e.g. Branca et al., 2011; Doglioni 
C, 2001; Lentini et al., 2006).  
The units composing the AMC itself derive from the late Oligocene-early Miocene transport 
of sedimentary sequences detached from the oceanic and continental crust, in turn over-
thrusted on top of the ETS (Fig. 1.1 and 1.2) (Lentini et al., 2006).  These allochthonous 
units have been described as propagating in a sequence of ‘piggy-back style’ showing a flat-
ramp-flat geometry, via a series of SSE verging thrusts. During the last convergence phase 
the subducting African plate started to flex under the weight of the developing chain trending 
NE-SW across the Gela-Catania foredeep. This created space for the deposition of 
quaternary sin-sedimentary deposits characterized by clayish-sandy units (Figure 1.1). 
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Figure 1.1. From A to F simplified geodynamics of the central Mediterranean area, to highlight the 
formation of the Appenninic-Maghrebian Chain (adapted from Lentini et al., 2006). After early 
stages of compression (A, B and C), the Tyrrhenian Basin start to open (D), pushing and piling up 
the marine and flyschoid units into the ramp-and-flat geometry of the accretionary wedge. This 
process is reported in E and F. 
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The architecture of this orogenic belt is that of an accretionary wedge (Lentini et al., 2006). 
During the formation processes, the continental and marine sequences were detached and 
transported, forming a duplex geometry (Figure 1.2) that has been extensively mapped by 
geophysical investigations (e.g. Finetti, 1984; Finetti et al., 2005; Cristofolini, 1979; Accaino 
et al., 2011). 
 
Figure 1.2. North to South cross section showing the relationship amongst the main domains 
composing the Sicilian crust below Mount Etna (from Branca et al., 2011). 
Mount Etna’s edifice developed on top of the accretionary wedge, in a position that, being 
on the hinge of the subduction zone, is regarded as anomalous for a volcano (Doglioni et al., 
2001). Compressional regional deformation in this regions occurs mostly in the north-south 
direction (e.g. Doglioni et al., 2001;Cocina et al., 1997) whereas little extension occurs in 
the east-west direction (or right lateral transfer) due to the Malta Escarpment (Doglioni et 
al., 2001) (Figure 1.3). This particular tectonic setting, with a right-lateral trans-tensional 
movement of the Malta Escarpment has been thought to create a sort of ‘window’ permitting 
the magma to rise through the basement, forming the volcanic edifice (Doglioni, 2001). 
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Figure 1.3. From Accaino et al., 2011: Structural map of Sicily. Referred to this thesis are of interest: 
1) The Hyblean Units; 4), 7), 8) and 11) carbonate and flyschoid formations composing the 
Appenninic-Maghrebian Chain; 12) Plio-quaternary volcanic rocks; 13) Pleistocene deposits; a) 
Kablylian-Calabrian Thrust Front; b) Maghrebian-Sicilian Thrust Front; e) faults with strike-slip 
movement, in this case the Malta Escarpment to the east. 
1.2.2 Mount Etna growth and volcanic phases 
Approximately 500,000 years ago, the area currently occupied by Mount Etna was a gulf in 
which marine sediments, including clays and sand, were widely deposited (Rittmann, 1973). 
Approximately 220,000 years ago, the volcanic activity started to migrate towards North 
encapsulating the current active area. This is currently seen in outcrop as spilitized pillow 
lava (albitization of basalt during alteration) as well as hyaloclastites that are especially 
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prevalent along the coast where the first phases of Mount Etna were initially characterized 
by basaltic eruptions from submarine fissures (Rittmann, 1973; Branca et al., 2007). The 
volcanism became subaerial around 130,000 yrs ago as a consequence of a tectonic uplift of 
Sicily, when it started to build the modern edifice of Mount Etna as we know it today (Figure 
1.4). Evidence for this uplift comes from outcrops of Sicilian clays at an altitude of 800 m 
a.s.l. along the volcano’s eastern flank (Rittmann, 1973). 
 
Figure 1.4. From the bottom: initial and subsequent phases of the growth of Mount Etna volcano 
after Rittmann (1973).1) Marine eruptive fissures; 2) Volcanism became sub-aerial; 3) and 4) 
Migration of the central edifice forming new central craters; 5) The present strato-volcano. 
The history of Mount Etna has been studied and classified by several authors (e.g. Rittmann, 
1973; Chester et al., 1987; Branca et al., 2004). A good summary is provided by Branca et 
al., (2007) based on geochronological and stratigraphic data, which divides the growth of 
the volcano into four main phases (Fig. 1.5): 
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Basal Tholeiitic (BT): these submarine fissure-type eruptions 
started 500,000 years ago. Outcrops of this early stage can be 
found along the Ionian coast. Belonging to this unit also the 
first and oldest deposits of subaerial volcanism, found along 
the Simeto River. 
 
Timpe (TI): From 220,000 years ago fissure-type eruptions 
occurred mainly located along the Ionian coast, with a 
variation from tholeiitic towards more alkaline lava products.  
 
Valle del Bove (VB): This commenced around 120,000 years 
ago. The feeder system stabilized in what known today is the 
Valle del Bove area. 
 
Stratovulcano (SV): The final (stabilization) of the plumbing 
system occurred about 60,000 years ago, forming the Ellittico 
volcano which is the bulk of the current edifice. In the last 
15,000 years, the volcanic activity built the Mongibello 
volcano and its volcanic products have extended their coverage 
to some 85% of the actual volcano surface. 
 
 
Figure 1.5. From Branca et al., 2007. Scheme reporting the main 
sequences and sub-sequences, grouped by lithosomathic units. 
 
During historical times, Mount Etna has remained mainly a basaltic volcano, characterized 
by effusive activity with intermitted explosive trend (Plinian and sub-Plinian eruptions), with 
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magmatic compositions ranging from tholeiitic to alkaline basalts (Doglioni et al., 2001). It 
has been suggested that its flank eruptions are more dangerous than the almost continuous 
summit activity (e.g. Allard et al., 2006b; Branca et al., 2007). 
1.2.3 Mount Etna flank instability 
A common feature for composite volcanoes edifices are an inherent flank instability (e.g. De 
Vries and Borgia, 1996; De Vries and Francis, 1997; Doglioni et al., 2001; Ruch et al., 2012; 
Ruch et al., 2013; Elsworth and Day, 1999). Instability can be triggered by many factors, 
such as magmatic intrusions, stress changes and temperature gradients due to magma 
movements, in addition to gravitational collapses (i.e. Voight and Elsworth, 1997; Aloisi et 
al., 2011; Bonaccorso et al., 2005; Acocella, 2003; Allard et al., 2006a; Borgia et al., 1992). 
In the case of Mount Etna, its south-eastern flank has been well monitored due to its sliding 
movement towards the Ionian Sea, using GPS, strain meters, and seismicity (Fig. 1.6). 
Seismicity at Mount Etna is located mainly on the eastern sector of the edifice, with 80% of 
events occurring at very shallow depths (<5 km) and with variable energy (e.g. Azzaro et 
al., 2013; Mattia et al., 2015; Patane' et al., 2011). 
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Figure 1.6. Historical seismicity (1600-2010) showing that seismic events are located mainly along 
the fault systems bordering the southern-eastern flank of Mount Etna and along the faults which 
dissect the flank itself (from Azzaro et al., 2013). 
Borgia et al., 1992 first documented that the flank was sliding over its clay-rich substratum 
driven by gravity, starting from some 300k years ago and still active. Since then, the south-
eastward spreading has been monitored and studied through several approaches such as GPS 
monitoring, field mapping, seismic investigations, and geophysical investigations (e.g. 
Bonforte and Puglisi, 2006; Azzaro et al., 2013; Acocella et al., 2013; Alparone et al., 2013; 
Azzaro et al., 2012; Groppelli, 2011; Mattia et al., 2015; Ruch et al., 2010; Ruch et al., 2013; 
Siniscalchi et al., 2012). The flank is delimited by fault systems: to the north by the Pernicana 
Fault System (PFS), to the south by the Ragalna and Belpasso-Ognina faults, and to the east 
a series of normal faults with consistent eastward downthrow (up to 200 m) called Timpe 
Fault System, which allows the flank to slide into the un-buttressed side facing the Ionian 
Sea (e.g. Borgia et al., 1992; Acocella et al., 2013; Chiocci et al., 2011; Bonforte and Puglisi, 
2006).  
The flank is dissected into five different domains, each one moving at a different rate (Azzaro 
et al., 2013), and delineating a complex structural and geodynamic interaction. The domains 
have been divided by Azzaro et al., 2013 in the following areas (Fig. 1.7): (i), the NE block, 
delimited to the north by the PFS and presenting the highest deformation velocities (2-3 up 
to 5 cm/y in concomitance with eruptions), with velocities diminishing towards south; ii), a 
central block delimited by the Moscarello Fault (MF) and Santa Tecla Fault (STF), located 
in the Timpe Fault System; iii), the Giarre wedge positioned to the east of the Timpe system; 
iv), the medium-E block, delimited by the STF and Trecastagni Fault (TCF); and v), the SE 
block to the south, that shows the least activity.  
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Figure 1.7. Division in five main blocks of the south-eastern flank, according to GPS in combination 
with SAR measured velocities, where each block shows a certain direction and velocity. Starting 
from top left in blue are reported data for 1) the NE block, delimited by the PFS, showing the highest 
velocities; part of this block are 2) the stations reported in light blue at the right bottom, and located 
in the map at the centre of the sliding flank;  3) top right in red are reported data for the Giarre 
Wedge; 4) in green at the left bottom data for the Medium East Block; 5) in yellow at the bottom the 
velocities for the SE block, reporting the slowest deformation velocities (Azzaro et al., 2013). 
Borgia et al (1992) described the movement of the flank due to gravitational spreading driven 
by the interaction of gravity and thermal effects combined with the presence of a clay-rich 
substratum. Ground motion movement has been monitored by GPS since 1988 (e.g. Puglisi 
et al., 2004; Azzaro et al., 2013) highlighting that the deformation rate cannot be the result 
of only magmatic source. Several subsequent studies have used different approaches, 
including seismic, geophysical, geological, and GPS (Global Positioning System) data in 
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order to unravel which mechanism and/or mechanisms are active in promoting the sliding. 
The causes of the movement and the geometry of the flank are still debated.  
Mattia et al., 2015 has reviewed the three primary models proposed to explain the sliding. 
Firstly, that the spreading is related to magma inflation processes and it is mainly 
concentrated along a low-angle thrust at 5 km depth. Amongst the reasons why this thesis is 
not satisfactory, is the lack of clear signs of seismicity at 5 km depth induced by magna 
intrusions. Secondly, that sliding is located at shallow depths, along an arcuate structure and 
the mobile flank is dissected into minor blocks moving eastward under their own weight. 
And thirdly, sliding from individual blocks delimited by normal and strike-slip faults. 
According to this interpretation, the tectonic structures merge at depth (10-15 km). On the 
basis of these three models and integrating new data, Mattia et al., 2015 presented geodetic 
data obtained by Continuous GPS (CGPS), seismic data, seismic tomographic data, fluid 
geochemistry, and groundwater chemistry between years 2008-2013 to investigate the 
sliding of the flank.  
Ultimately, causes of the movement can be assigned to several factors: gas emissions may 
be indicative of fluid pressure variations in the system, thus pressure changes are thought to 
be one of the cause of instability. The importance of deep fluids interacting with the tectonic 
system is further provided by the regular seismic signals (Day, 1996; Fazio et al., 2017; 
Gambino et al., 2016). These findings also highlight the evidence of fluid circulation and its 
interactions with tectonic features along with the presence of a clay substratum. Fluid 
overpressure can cause micro-fracturing, and in presence of soils with low permeability, 
hydro-fracturing is particularly efficient because pressure can build up to levels higher than 
the overburden driven by deep magmatic and hydrothermal fluids. This fluid circulation is 
further affected by the changes of the strain causing transfer of thermal fluids which can 
cause further degradation of rocks, lowering their mechanical strength. Mattia et al., (2015) 
concluded that the interaction of magmatic fluids with groundwater and aquifers in the 
presence of an impermeable layer of quaternary clays is therefore the key factor of flank 
instability on Mount Etna.  
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1.3 Insights from Laboratories 
Investigations from macro-scale (e.g. field surveys, GPS, geophysical) to micro-scale (e.g. 
laboratory experiments) are of paramount importance to unravel the mechanisms active at 
Mount Etna. Laboratory experiments are known to provide a robust approach to investigate 
how rock mechanical and physical properties vary depending on the large spectrum of 
subsurface conditions. They enable to directly control and monitor several environmental 
conditions (pressure, stress, temperature, strain) whilst investigating the evolution of some 
samples properties in presence of similar conditions as in volcanic basements. Previous 
studies have therefore taken advantages of this well controlled environment to clarify our 
understanding of the mechanisms supporting the instability of volcanic edifices.  
Basalt is often used as representative for the volcanic edifice in order to explore such 
mechanisms. For instance, Benson et al., 2007 provided a very detailed study on how 
acoustic emission (AE) and AE events locations can be used to imaging the failure of the 
basalt subjected to deformation in triaxial apparatus. Fazio et al., 2017 mimicked the 
transition of a hot fluid through hollowed cylinders of basalt in order to detect seismic signal 
driven by the passage of the fluid. Browning et al., 2016 recorded AE emissions during 
heating and cooling phases of basalt samples, finding that during cooling phases the AE rate 
and energy are much higher than during heating, indicating higher rate of thermal cracking. 
Bubeck et al., 2017 explored the variability of strength in porous basalts containing pores 
with various curvatures, showing how the strength of the basalt  change accordingly to shape 
and elongation of the pores respect to the applied stress. 
As highlighted in the previous sections, the basement of Mount Etna is the result of a series 
of complex tectonic interactions involving sedimentary successions composed mainly of 
sandstone, claystone and limestone, with the presence of an impermeable layer of quaternary 
clays on top of which rests the volcano edifice. Because of this heterogeneous composition, 
it is not an easy task to obtain detailed physical, chemical and mechanical information 
encompassing all the constituent lithologies. For this reason, the primary focus has been on 
few representative lithologies, such as carbonate rocks.  
To explore this effect in a logical and consistent manner, the evolution of rock’s mechanical 
properties, both in presence of magmatic fluids or transient high/low temperature patterns, 
has been simulated in the laboratory. This has the advantage that many environmental 
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conditions (e.g. pressure, stress, temperature, strain) may be directly controlled and 
monitored, unlike for instance the evolution of mechanical properties in situ conditions.  
Heap et al., 2013 performed high temperature, uniaxial compressive strengths experiments 
on samples from two carbonate rock layers modelled to be present in the basement. The 
results show how increasing temperature further promote deformation in the ductile regime 
strongly suggesting this to be a key factor in promoting flank instability. Mollo et al., 2011 
reported dehydroxilation and decarbonation reactions of clay minerals and carbonate terms 
respectively belonging to the Etnean basement. In this case, the in situ high temperature 
together with the chemical reactions degraded the mechanical strength of the rocks 
reinforcing that temperature plays a crucial role for instability. Finally, other studies (e.g. 
Bakker et al., 2013 ; Wiesmaier et al., 2015; Bakker et al., 2015b;) focused on 
microstructural, physical, and mechanical/seismic properties, and how they evolve under a 
series of different conditions (e.g. uniaxial and triaxial deformation, high and low confining 
pressures, high and low temperature, drained/undrained saturated or dry conditions). 
1.4 Rationale of the Thesis 
Volcanic environments are subjected to many processes that can cause weakening of the 
edifice and of the underlying basement (e.g. McGuire, 1996; De Vries and Borgia, 1996). In 
particular, magmatic intrusion via dykes and sills or emplacement of larger magma bodies 
results in damage growth during emplacement (Voight and Elsworth, 1997), changes to the 
stress state during and following magmatism (Aloisi et al., 2011, Bonaccorso et al., 2010), 
and high temperature gradients (Bonaccorso et al., 2010). Transient temperature variation 
may lead to the generation of permanent changes to the hosting material, owing to heat-
induced mineralogical transitions, hydrothermal alteration, and intrusion-induced fractures.  
Mount Etna, is repeatedly subjected to intrusions and magma emplacement (e.g. dike 
intrusions) and its basement is consequently subjected to temperature gradients due to 
dyking events. The dyke emplacement is indeed expected to locally and rapidly increase the 
temperature in the hosted geological layers. Once inactive, the temperature naturally 
decreases to the regional ambient conditions. It is therefore very natural to question ‘how 
such a heating and cooling event affects the Etnean carbonate rock properties present in the 
basement?’. 
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The first part of this thesis addresses this question, bringing new highlights on the role of 
transient temperature gain in Etnean basement rocks, and determining the mechanical 
strength changes related to a heating and cooling phase. Along with temperature, the 
presence of water is used to investigate the related mechanical strength variations its 
presence may have on the carbonate rocks. Triaxial experiments were performed to monitor 
and measure the mechanical and physical properties subjected to these changing conditions. 
Finally, the results are projected into a model to estimate the indicative distance at which 
such elevated temperature is likely active in degrading the selected lithology, reproducing 
two different dyke sizes (e.g. 1 and 10 m thickness). 
Previous studies have also highlighted the presence of tectonic features such as normal and 
reverse faults, forming complex fault systems bordering the entire unstable flank and dipping 
at various and not certain depths into the basement (e.g. Branca et al., 2011; Borgia et al., 
1992; Puglisi et al., 2004; Ruch et al., 2010). In light of this research, it is timely to consider 
that these tectonic features are juxtaposing different lithological units, being the basement 
composed by such a great variety of lithologies. Furthermore, quaternary clays are present 
at the bottom of the volcanic edifice and clayish terms are part of the chaotic flyschoid 
formations of the basement, contributing with their presence in lowering frictional strength 
of faults and promoting flank instability. Considering that these fault systems are active in a 
scale of thousands of year with considerable displacements, they can be considered mature 
faults able to produce considerable fault gouges (Tibaldi and Groppelli, 2002). This 
hypothesis implies that the flank instability is also directly related to the frictional strength 
of the gouge material. So: what is the frictional strength of Etnean gouges? 
The second part of this PhD project hence focuses on the investigation of the frictional 
strength of representative Etnean unit members.  
Building on a technique that has been used previously by Samuelson and Spiers, 2012, a 
new laboratory apparatus for direct shear was first designed and implemented to allow for 
performing the relevant tests. The appropriate gouges for the tests were selected based on a 
detailed mineralogical quantitative and qualitative investigation. A series of frictional, 
triaxial experiments mimicking relevant in situ pressure conditions were conducted to 
quantify the evolution of frictional strength of pure end-members and mixtures of the 
selected gouges, both in static and dynamic friction, at constant strain rate and with velocity 
16 
 
steps for the purpose of rate-and-state analyses. These new, original results add significant 
knowledge on the properties of representative Etnean rocks. 
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1.5 Thesis Structure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 1 
Geological background of Mount Etna and 
its basement and main geological, tectonic 
and structural features relevant to the thesis. 
 
Chapter 2 
How temperature and water affect 
carbonate rock strength? From triaxial 
experiments results to numerical 
modelling.  
 
Chapter 3 
Designing new sliding holders for 
direct shear frictional test in triaxial 
machine.  
Chapter 4 
Studying the frictional and mechanical 
properties of simulated gouges. 
Chapter 5 
Discussion and future works. 
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2 Chapter 2: Thermal Damage and Pore Pressure Effects on Brittle-Ductile 
Transition of Comiso Limestone 
2.1 Introduction 
Note: the following chapter is an extended version of a peer to peer published paper: 
Castagna, A., et al., Thermal Damage and Pore Pressure Effects of the Brittle‐Ductile 
Transition in Comiso Limestone. Journal of Geophysical Research: Solid Earth, 2018, 
123.9: 7644-7660. 
Volcanic edifices are commonly unstable, with magmatic and non-magmatic fluid 
circulation, and elevated temperature gradients having influence on the mechanical strength 
of edifice and basement rocks. The key questions addressed here are: (1) how is induced 
thermal damage captured by elastic wave velocity and Acoustic Emission (AE), and (2) what 
is the influence of this thermal history on the mechanical properties with respect to fluid 
saturation? The effects of pore fluid on rock strength and the effects of distal magmatic 
heating (~20°C to 600°C) at a range of simulated depths (0.2 to 2.0 km) are investigated. 
Specimens were heated and cooled before mechanical testing at room temperature, by the 
mean of a furnace capable to reach considerable temperatures. Acoustic emissions have been 
used to monitor the progression both of the thermal damage during heating and cooling 
preparation, and during the triaxial tests, to consider the thermal history of subsurface 
carbonate sequences with new data on fracture damage due to an imposed deformation. The 
presence pore fluid pressure aims to reproduce the common presence of water in basements. 
Finally, data have been used to create a conduction model to represent the possible scenario 
in the Etnean basement. Here after, the paper is reported with some integrations into the 
original manuscript, to expand explanations about techniques, results and future research. 
2.1.1 Geological Background 
The description of Mount Etna and its basement is presented in Chapter 1, therefore here 
only few key points are further highlighted here. 
Mount Etna volcano sits atop a structurally complex sedimentary basement dominated by 
formations consisting of sandstone, limestone, and clay that are part of the wider 
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Appenninic-Maghrebian Chain (AMC). The AMC is part of the accretionary wedge of a 
regional fold-and-thrust belt that lies above the carbonate Hyblean Plateau (HP) sequences, 
which is part of the African plate (Fig. 2.1). The sedimentary covers of the HP present an 
average thickness of 6 km, and consist of mainly carbonate sequences (Mesozoic – 
Cenozoic) with volcanic intercalations: we selected carbonate samples from the Ragusa 
Formation (Branca et al., 2011; Lentini et al., 2006; black star, Fig 2.1) for our tests. 
Geophysical models of the Mount Etna plumbing system suggest that an intermediate 
magma storage body exists at approximately 4-8 km b.s.l. (e.g. Bonaccorso et al., 2005, 
Aloisi et al., 2011), which would place it partly within the sedimentary basement, rather than 
the dominantly basaltic edifice. This magma body affects the surrounding sedimentary rocks 
due to its elevated temperature, ranging from >1000 °C at the contact decreasing to 300 °C 
at a distance of about 1.5 km (Mollo et al., 2011). 
Figure 2.1. Top: Structural 
features and lithological units in 
and around Sicily (Italy): dark 
grey for the Kabilo-Calabride 
Chain; medium grey for the AMC; 
light grey for the HP units; very 
light grey for the volcanic units. 
The black star locates the CL 
quarry. Bottom: cross-section 
(line A-B, top panel) across Mount 
Etna, with the key stratigraphic 
and structural relationships in Mt. 
Etna’s basement. Modified after 
Branca et al, 2011. 
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2.2 Previous Laboratory Experiments 
Transient temperature variation may lead to the generation of permanent changes to the 
hosting material, owing to heat-induced mineralogical transitions, hydrothermal alteration, 
and intrusion-induced fractures. Extreme cases of thermal alteration and weakening can 
enhance catastrophic flank collapses (e.g. Voight and Elsworth, 1997; Day, 1996; Elsworth 
and Day, 1999; Reid et al., 2001). Most studies of such effects focus on the volcanic edifice 
rocks (e.g. Reid et al., 2001), or on rocks composing the basement (e.g. Elsworth and Voight, 
1992; Delaney and Pollard, 1982; Heap et al., 2013; Bakker et al., 2015b). Basement rocks 
typically host some type of pore fluid (water, brine, hydrothermal fluids: e.g. Day, 1996, 
Mattia et al., 2015, Dautriat et al., 2011), and owing to the distribution of intrusions in sub-
volcanic systems, much of the sub-edifice basement is likely to be subject to lower – but still 
elevated – temperatures (i.e. <600 °C). From a mechanical perspective, the effect of elevated 
temperature on carbonate rocks is known to be a function of several parameters including 
grain size, porosity, and strain rate (e.g. Rutter, 1972; Rutter, 1974; Siegesmund S., 2000). 
Recently, new data extended this knowledge to investigate the effect of high temperatures 
on triggering physical and chemical reactions via decarbonisation (e.g. Heap et al., 2013; 
Mollo et al., 2011; Bakker et al., 2015b). In one of these studies the physical and mechanical 
properties of two limestone units (Climiti and Thala units, Heap et al., 2013) were 
investigated in uniaxial and at in situ elevated temperature conditions. Both materials 
underwent decarbonisation reactions, with a total mass loss of 45 % occurring between 560-
900°C, which accompanied a drastic change of the limestone physical properties. Increasing 
temperature and pressure resulted in a change in peak stresses in the brittle field, up to 500 
°C, above which ductility was promoted (e.g. Bakker et al., 2015b), as the specimens started 
to ‘flow’ in an aseismic manner, with a strong dependence of flow stress on temperature (i.e. 
decreasing in dry elastic moduli, seismic velocities, and acoustic emission rate). It was 
suggested that such processes may be responsible for the large-scale deformation present at 
Mount Etna. This hypothesis is further reinforced by observations of clay dehydroxylation 
(Mollo et al., 2011), along with a decreased strength which is likely to further promote flank 
instability and explain low seismicity zones, as well as the high local CO2 overpressures. 
However, the limitation of these experiments is that they were conducted at ambient pressure 
conditions, rather than pressures which simulate burial depth. Nicolas et al., 2016 explored 
the brittle and semi-brittle behaviour of a 14.7 % porosity, ~100% calcite Tavel limestone 
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and compared the results with CL in dry and saturated conditions, also using low in-situ 
temperature in an additional series of dry tests. Tavel limestone showed a brittle behaviour 
up to 55 MPa followed by a semi-brittle behaviour - defined by Evans et al., 1990 as a 
macroscopically distributed deformation involving micro-cracking and crystal plasticity - 
over 55 MPa. Water had a relatively small impact on the strength of Tavel limestone (Nicolas 
et al., 2016). In addition, recent triaxial experiments performed on CL by Bakker et al., 
2015b used representative shallow subsurface volcanic pressure conditions (specifically 50 
and 100 MPa representative of 2 and 4 km depth). Collectively, these studies support the 
hypothesis that both elevated temperature and pressure have significant effect on the 
mechanical strength of carbonate rocks. Confining pressure was found to limit the 
decarbonation reactions as a result of the decreased porosity due to increasing pressures, as 
well as the increased CO2 fugacity, which has a major role in controlling the decarbonation 
process (Mollo et al., 2011). They identify that the brittle-ductile mechanical transition 
occurs at temperatures of approximately 350 °C, with 50 MPa confining pressure and 
constant strain rate at 10-5 s-1. In addition to these investigations of induced damage at high 
temperatures, micro-crack damage is also inferred to occur during heating and cooling (e.g. 
Browning et al., 2016). This latter effect is important as the injection of dykes and sills 
clearly expose the country rock to significant temperature gradients. Indeed, the increasing 
and decreasing amount of heat radiated by an intrusion into a body of country rock very 
likely play an important role on the rock’s temperature-dependent properties and processes, 
such as decarbonation in limestone, potentially further reflected in the overall deformation 
observed at the surface. 
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2.3 Material Characterization and Methodology 
2.3.1 Comiso Limestone and specimen preparation 
Limestone samples were collected from the Ragusa Formation of the Western Hyblean 
Plateau, which occurs in monotonic layers that dip gently (335-16) to the NNW. The 
Ragusa Formation is accessed in section via outcrops in a quarry near to Comiso village in 
SE Sicily (Fig. 1, black star in top panel and Fig.2.2).  
 
Figure 2.2. The Comiso Limestone Quarry with its regular and monotonic carbonate layers. 
The Ragusa Formation has layers of maximum thickness of 60 cm, and is interlayered with 
unconsolidated clay-bearing strata. Carbonate rocks from the Ragusa Formation are mainly 
composed of calcarenites (>50 % carbonate grains with a grain size ranging between 0.06 
mm to 2 mm) and marls (carbonate-rich soft mudstone with grain size < 0.06 mm) of Lower 
Oligocene age (Lentini and Carbone, 2014). Carbonate rocks within the formation are 
generally either a combination of calcite (CaCO3) and dolomite (CaMg(CO3)2), or 
occasionally a pure calcite. A detailed description was provided by Bakker et al., 2015b, 
who reported an initial, average porosity of 8.7 %, and density of 2.47 g/cm3. The rocks used 
in this study have an average porosity of 10.1 % (measured with a helium pycnometer) and 
density of 2.47 g/cm3. At the intralayer scale, the fabric is isotropic and CL is treated as an 
essentially homogeneous material. The CL used in this study is composed of calcite (97.7 
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%) and a small amount of quartz (2.3 % wt), as determined from X-Ray Diffraction (Fig. 
2.3) and X-Ray Fluorescence (Table 2.1) analysis. 
 
Figure 2.3. Results for X-Ray Powder Diffraction of Comiso Limestone. The CL shows peaks for 
calcite and quartz only. 
Table 2.1. Results for X-Ray Fluorescence for Comiso Limestone. The sample shows a minimum 
amount of SiO2 (quartz) and negligible amounts of other components. It is high in CaO and LOI, 
denoting the presence of nearly only carbonate.  
 
All of the specimens used in this study were cored from the same sample using identical 
coring techniques to minimize specimen variation. In total, 14 cylindrical specimens 40 mm 
diameter (±0.03 mm) and with a length of 100mm (± 0.5 mm) were cored from the CL 
sample using a diamond coring drill, and a lathe fitted with a cross-cutting wheel to ensure 
parallelism to 0.01mm or better. 
2.4 Thermal treatment 
To investigate the effects of thermal stressing on CL properties, a suite of specimens were 
heated and allowed to cool prior to triaxial deformation tests. A selection of specimens were 
heat-treated using a high temperature, Carbolite CTF12/75/700 tube furnace (Browning et 
Name Bead SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 LOI Total
Comiso LF41516 2.29 0.04 0.22 0.13 0.007 0.91 53.30 0.02 0.047 0.051 0.040 42.57 99.63
Comiso Limestone 
 Calcite 
 Quartz 
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al., 2016) between 150 °C and 600 °C to induce varying amounts of micro-fracture damage 
(Figure 2.4a). The specimens were held within a ~1 m length purpose-built steel jig 
comprised of rods and springs providing the specimen with a constant end load within the 
central section of the tube furnace. Temperature was controlled and monitored by a series of 
thermocouples mounted immediately adjacent to the specimen surface. In all tests, a 
controlled heating rate of 1°C/minute was applied, keeping the specimen at the desired 
maximum temperature for 30 minutes to allow complete temperature equilibration followed 
by natural cooling (generally less than <1°C/minute). 
AE output was recorded contemporaneously during each test on heating to, and cooling from 
150 °C, 300 °C, 450 °C, and 600 °C. AE were recorded by using the central rods to act as 
acoustic waveguides with one Panametrics V103 piezoelectric P-wave transducer located at 
the end of the waveguide. The AE hits are used as a proxy for the rate and relative amounts 
of induced crack damage which includes indistinctively he nucleation, coalescence and 
propagation of newly-formed micro-cracks (assumed to be the most likely source here) as 
well as well as other microstructural processes susceptible to produce AE (such as friction 
between pre-existing micro-crack’s surfaces; Griffiths et al., 2018). A threshold of 35 dB 
was imposed on the recorded AE amplitude to avoid background noise (Browning et al., 
2016). All thermal treatment tests were conducted at ambient pressure (1 atm). 
Complementary ultrasonic P-wave and S-wave velocity measurements were recorded on the 
starting material prior to heating, and on the cooled material following each thermal stressing 
test. 
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Figure 2.4. Schematic views of: a) the Carbolite 
furnace used for thermal treatment: the specimens 
is held within the centre of the tube, where the 
temperature remains constant. The two springs at 
the end of the jig allow contraction and expansion, 
registered by a transducer for AE record; b) the 
triaxial apparatus; c) AE sensor positions and 
orientations around half-specimen (40mm 
diameter and 100 mm length) in the arbitrary 
orientation system. Degrees are reported with 
respect to the maximum principal stress, σ1 (e.g. 
here the vertical direction). 
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2.5 Triaxial deformation: method and data collection 
The experiments were performed using a conventional triaxial apparatus (where σ1 is the 
maximum principal stress, σ2 the intermediate principal stress and σ3 the minimum principal 
stress such that σ1>σ2=σ3; compressive stress is reckoned positive) capable of operating at a 
maximum confining pressure (Pc = σ2 = σ3) of up to 100 MPa, and an axial stress (σ1) of up 
to 680 MPa across a 40 mm diameter cylindrical specimen (Figure 2.4b). An independent 
pore fluid system (using distilled water) was connected to the cell, which is capable of 
pressures up to 100 MPa via precision piston pumps (Fazio et al., 2017). Dry conditions 
were achieved by leaving the specimens in an oven at approximately 85 °C for 12 hours to 
avoid the presence of interstitial water, followed by cooling in a desiccator for 1 hour. 
Saturated conditions were achieved by immersing a subset of the specimens in distilled water 
under vacuum for 24 hours. Axial displacement during tests was measured by three 
contactless transducers (external Foucault current sensors) positioned on the frame of the 
apparatus, averaged and logged by a control computer at 1 Hz. The same data logger 
recorded pore and confining pressures as well as pore volumes to allow specimen dilation to 
be derived. Axial stress data were corrected for the stiffness of the machine using a calibrated 
aluminium specimen of known Young’s modulus. We selected and applied a range of 
confining pressures (Pc: 7 MPa, 15 MPa, 30 MPa, and 54 MPa) simulating depths of 290 m, 
620 m, 1.2 km, and 2.0 km respectively, assuming an average density of the overburden load 
of 2470 kg/m3 (see Table 2.2). 
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Table 2.2. Summary of the experimental conditions used for the tests on CL and basic mechanical parameters, 
including values of stress and strain at peak differential stress, and values of differential stress and strain at 
specimen failure. The Young’s moduli were calculated from best fit to the linear elastic section between 0.1-0.2 
% axial strain. Presence of localized failure and non localized doformation are reported in the last columm. 
  
Experiment name Pconf (MPa) Pf (MPa)
Depth (m)  
average density 
of 2470 kg/m3
Thermal 
treatment 
(°C)
Peak 
differential 
stress (MPa)
Strain at peak 
differential 
stress (%)
Young 
Modulus 
(GPa)
Stress at 
failure 
(MPa)
Strain at 
failure 
(MPa)
Presence of 
failure
1 Dry 7 290 No 116.23 0.52 28.69 108.88 0.58 Localized
1 Sat 12 5 495 No 105.09 0.76 20.02 105.09 0.76 Localized
2 Dry 15 620 No 160.59 0.73 32.27 160.59 0.73 Localized
2 Sat 25 10 1035 No 133.49 1.01 32.43 120.97 1.57 Localized
3 Dry 15 620 150 161.73 0.68 35.65 161.73 0.68 Localized
3 Sat 25 10 1035 150 135.65 0.97 28.96 127.66 1.32 Localized
4 Dry 15 620 300 162.89 0.57 44.66 160.74 0.63 Localized
4 Sat 25 10 1035 300 132.48 0.94 27.24 122.07 1.37 Localized
5 Dry 15 620 450 164.37 0.94 28.08 159.44 1.1 Localized
5 Sat 25 10 1035 450 132.05 1.22 20.69 128.81 1.45 Localized
6 Dry 15 620 600 134.9 1.22 12.97 133.31 1.31 Localized
6 Sat 25 10 1035 600 103.19 1.1 11.69 100.96 1.2 Localized
7 Dry 30 1240 No 184.41 1.26 30.45 180.94 1.44 Localized
7 Sat 50 20 2065 No 127.25 1.44 20.78 127.25 1.44 Localized
8 Dry 50 2065 No 35.32 Non-localized
8 Sat 84 34 3465 No 25.37 Non-localized
Ductile Ductile
Ductile Ductile
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Pore fluid pressures (Pf) were calculated accordingly to represent the same depths and 
assuming drained conditions: Pf = 5 MPa, 10 MPa, 20 MPa, and 34 MPa, respectively. To 
compare the dry and saturated data, we therefore maintain the same effective pressures 
applying a simple effective pressure law where the poroelastic constant  is assumed to be 
equal to unity (Peff = Pc –  Pf; Guéguen and Palciauskas, 1994). In that common frame, a 
dry test at Pc = Peff = 7 MPa corresponds to a water saturated test where Pc=12 MPa, Pf=5 
MPa and consequently Peff = 7 MPa. To investigate and isolate the role of temperature 
treatment, Peff =15 MPa was maintained in all tests using thermally-treated specimens. 
All tests were conducted at 10-5 s-1 axial strain rate in assumed drained conditions when 
relevant, and at room temperature. For saturated tests, the initial loading was applied in two 
steps, first by increasing Pc hydrostatically (σ1=σ2=σ3) until the desired confining pressure 
was reached, and then introducing pore fluid pressure, as per the functionality of our 
experimental set-up. We applied this method  following Nicolas et al., 2016 who calculated 
the time of diffusion of water into a porous carbonate, concluding that for a quite significant 
porosity and standard axial strain rate (as used in our study) the specimens are fully saturated.  
2.6 Ultrasonic surveys 
In addition to mechanical and pore volume data, the deformation was monitored using an 
array of 12 piezoelectric lead zirconate titanate (PZT) sensors embedded in an engineered 
nitrile jacket (Sammonds, 1999). These sensors are sensitive to transient fracture events 
(micro seismicity) across a frequency range of approximately 80 kHz to 800 kHz. In addition 
to the standard passive AE recording, each sensor can be excited in sequence with a 200 V 
pulse, recording the travelling signal on the remaining 11 sensors to deduce the elastic P-
wave velocity structure of the specimen during deformation: This is known as a velocity 
survey. Signals from each sensor are pre-amplified by a Pulser Amplifier Desktop (PAD) 
unit by 60 dB before being sent to an AE recorder (ITASCA-Image “Milne” unit). Active P-
wave velocity surveys are processed using the known location of each sensor (3 sensors 
along a selected north direction, 3 sensors along south, 2 at north-west and 2 at south-west, 
for a total of 12; Figure 2.4c), and the signal travel time from the source to each receiver 
(e.g. Benson et al., 2007, Fazio et al., 2017) determination of elastic anisotropy of the 
specimen during the application of differential stress. All ultrasonic data (passive AE and 
active velocity survey) are processed using the proprietary InSite-Lab software by cross-
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correlating a master pulse event with each received waveform, per survey, to achieve sub 
m/s (relative) accuracy.  
2.6.1 Results 
2.6.2 Thermal treatment: acoustic emission and ultrasonic wave velocities 
Figure 2.5a shows the radial P-wave velocity (Vp) of each specimen as a function of the 
increasing thermal treatment. Concentric reduction in specimen radial-velocities shows that 
the carbonate remained isotropic even after the thermal treatment, and that overall velocity 
decreased with increasing maximum temperature. ‘As collected’ CL specimen has a radial 
P-wave velocity of 4.60 km/s (+/- 0.17 km/s) and are essentially isotropic (anisotropy < 4%). 
The change in P-wave velocity following the 150 °C thermal test is negligible and remains 
at approximately 4.60 km/s, overlapping the room-temperature specimen curve, therefore 
they are not reported here.  
 
Figure 2.5. a) Radial ultrasonic P-wave velocities (km/s) as measured across the diameter of a 
cylidrical specimen at 15° increments. The thick black line represents the untreated (i.e., as-
collected) specimen, reporting a P-wave velocity of 4.60 km/s. Lines represent the P-wave velocites 
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as measured with increasing thermal temperature treatment. (b), (c) and (d) represent the 
contemporaneous acoustic emission output recorded during the thermal treatment at 300 °C, 450 °C 
and 600 °C respectively. Note the change of scale in cumulative AE hits in part d.  
P-wave velocities decreased by approximately 5% to 4.26 km/s following heat treatment to 
300 °C, and by 22 % to 3.55 km/s, following heat treatment to 450 °C. Following the 600 
°C thermal stressing test, P-wave velocities decreased by approximately 37 % to 2.83 km/s 
(red line, Figure 5a). Figure 2.5b, c and d show AE outputs for tests heated to 300 °C, 450 
°C and 600 °C. AE output was negligible in the 150 °C test and therefore is not reported. In 
tests performed to maximum temperatures of 300 °C and 450 °C, the AE output is similar in 
terms of amplitude (size of individual AE hits) and number of AE hits. In both cases the total 
amount of AE hits is low (<1000 events). Tests with a maximum temperature of 600 °C 
show substantial AE output (Figure 2.5c). The rate and amplitude of AE hits increased 
substantially at approximately 480 minutes and 500 °C in heating and continued to produce 
AE at a similar rate and size on cooling. The total AE hits recorded in the 600 °C test exceeds 
1000 events. 
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2.6.3 Triaxial test: dry conditions on ‘as collected’ specimens 
Figure 2.6 (a-b-c) shows the results from deformation experiments conducted on ‘as 
collected’ specimens of CL under dry conditions, at room temperature (22˚C), with 
increasing levels of Peff (7 MPa, 15 MPa, 30 MPa, 50 MPa) representing increasing depth.  
 
Figure 2.6. (a-b-c). Triaxial test results in dry conditions, for non-thermally-treated specimens. (a) 
Differential stress versus axial strain, as a function of increasing confining pressure (see inset key). 
(b) and (c) are stress-strain plots with corresponding, normalized, ultrasonic velocities along three 
representative directions, and cumulative AE hit count (red line) for the test conducted at (b) 30 MPa 
and (c) 50 MPa effective pressure.  
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In the mechanical data we note a typical evolution from the brittle to the ductile regime as 
effective pressure increases beyond 30 MPa, with ductile behaviour clearly present at 50 
MPa, defined as the capacity of the rock to undergo substantial strain without developing a 
microscopic fracture (Paterson and Wong, 2005) or loss of strength (Bakker et al, 2015). The 
two tests conducted at 50 MPa confining pressure exhibit small ‘bumps’ in the stress-strain 
curve. These represent steps of increasing confining pressure (each of 5 MPa). In all cases 
and across higher effective pressures, the specimens attained substantial strain without the 
development of a macroscopic shear fracture. All tests show an initial stage of strain 
hardening due to the closure of pre-existing cracks and/or pores (e.g. Baud et al 2000a; 
Nicolas et al, 2016) followed by linear elastic behaviour. Experiments 1, 2 and 7 (all dry) 
attained a peak stress at 116.23 MPa, 160.59 MPa and 184.41 MPa, respectively followed 
by strain softening and brittle failure (Figure 2.6a and Table 2.2). To better understand the 
accommodation of deformation at the brittle to plastic (BP) transition, Figures 2.6b and 2.6c 
additionally plot the detail of experiment 7 (Dry, 30 MPa) and experiment 8 (Dry, 50 MPa). 
Normalized Vp and cumulative AE hit rates have been added to better understand the strain 
accommodation.  
At Pc = 30 MPa (Fig. 6b), the Vp velocities increase as well, up to 1.52 % at 0.2 % axial 
strain. Then, they start to decrease at the onset of inelastic deformation (0.4 % axial strain), 
leading towards failure where the velocities reach a minimum. The most marked decreases 
in velocity are in the 3N-3S and 3E-3W directions, both at 90° respect to σ1, corresponding 
to the directions travelling through the centre of the specimens. After failure velocity remains 
steady at between -8 to -35% below initial values; this directional variation in Vp represents 
a significant anisotropy. AE cumulative hit rate increased steadily during deformation and 
strain accommodation, showing a marked increase from the time of stress drop (dynamic 
failure), although only a small number of AE events were recorded. 
At 50 MPa of Pc (Figure 2.6c), we observe a ductile behaviour, setting the BD transition 
somewhere between 30 and 50 MPa. The elastic-wave velocity data shows a path 
dependence with direction. An initial increase up to 1.55 % in the direction at 62° and 51° 
to σ1 at 0.2 % axial strain, whereas there is no increase for the ray-path at 90°. For the first 
two ray-paths the velocity starts to decrease after the elastic accommodation reaches a value 
of -5 % and -10 %, respectively. The ray-path at 90° shows a continuous decreasing velocity 
to a minimum of -21.7 %. The Vp velocities represent a lower anisotropy than tests at 30 
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MPa Pc. Cumulative AE data show a slow increase initially, which accelerates towards the 
end of the experiment.  
2.6.4 Triaxial test: drained saturated conditions on ‘as collected’ specimens 
Figure 2.7 (d-e-f) presents data in drained saturated conditions. There are several notable 
differences in stress and strain accommodation compared to tests in dry conditions. 
Experiment 1 and 2 Sat attain a peak stress at 105.09 MPa, 0.76 % axial strain, and at 133.49 
MPa, 1.01 % axial strain respectively followed by strain softening.  The peak stresses are 
lower (between 5% and 20% MPa less) compared to dry conditions at equivalent effective 
pressure (cf. Figure 2.6a and Table 2.2). Young’s modulus is also lower in saturated 
conditions (Table 2.2), and in general there is significantly more total strain accommodation 
before failure (such as the case of Peff=7 and Peff=15 MPa). At Peff=30 MPa, the specimen 
accommodates strain hardening up to 1.5% axial strain, where a small stress drop is recorded. 
At 50 MPa the specimen is dominated by ductile deformation. The BD transition is again 
between 30 MPa and 50 MPa Peff. AE are not reported for the experiments in Figures 2.7e 
and 2.7f, as the number of events were negligible. 
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Figure 2.7. (d-e-f) are the triaxial test results in drained, saturated conditions, for non-thermally-
treated specimens. AE hit count it is not reported as the event rate was too low. In the final tests 
(Figure 4c and f), Pc was increased in steps of 5 MPa after 1% and 2.2% strain, respectively, in at 
attempt to check for changing behaviour in the dultile response as a function of burial depth, using 
the same experimental setup. The increasing Pc steps result in small differential stress ‘bumps’ in 
the stress-strain curves. 
The transition from brittle to ductile behaviour along with normalized Vp are reported in Fig. 
2.7e and Fig. 2.7f using data from experiment 7 Sat (Peff= 34 MPa) and experiment 8 Sat 
(Peff= 54 MPa) respectively. At Peff = 30 MPa the behaviour is characterized by strain 
hardening until brittle failure but the stress drop is barely discernible at around 1.5 % strain. 
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Post-mortem macroscopic inspections revealed the presence of wedge splitting along with 
several conjugate fractures (see supporting material). The P-wave elastic velocity data 
remain essentially constant throughout the experiment. The level of velocity anisotropy is 
low, with a range from -1 % to -5 % velocity decrease towards the end of the experiment.  
At higher Peff= 50 MPa (Figure 2.7f), the divergence from elastic to plastic behaviour starts 
at 70 MPa differential stress or 0.3% strain, about 20 MPa less than the data reported in Fig. 
2.6a. Similar trends are seen with regards to Vp with in general a small continuously 
decreasing trend in the data for the velocities at 62° and 51° to σ1 finally resulting in 
anisotropy values ranging between 0 % and -5 %. The ray-path travelling perpendicular to 
σ1 is the most affected and decreases by 13%. The overall anisotropy is lower than the 
anisotropy recorded in the dry test (i.e. 8 Dry, Figure 2.6c). 
2.6.5 Triaxial tests: dry conditions on thermally treated specimens 
Figure 2.8a shows mechanical results from triaxial experiments run at room temperature on 
previously thermally-treated CL. Here, a constant confining pressure was maintained at 15 
MPa so as to investigate only the influence of the heat treatment, ranging from untreated (as 
collected) to 600 °C. All the specimens reached the same peak stress (160-162 MPa) before 
failure regardless of thermal treatment temperature with the exception of the specimen at 
600 °C, which failed at 138 MPa peak stress. The stress-strain curves remain similar until 
treatment of approximately 450 °C. At 600 °C the behaviour starts to be weaker and in fact 
the Young’s modulus is markedly lower compared to specimens treated at lower 
temperatures (see Table 2.2). The trend in total strain at failure is likewise tied to the thermal 
treatment temperature, with a tentative increase in the percentage strain at failure with 
increasing thermal treatment, but a clear behavioural variation is observed beyond 450 °C. 
Conversely, the stress drop itself appears to be constant (between 60 to 80 MPa) with the 
thermal treatments. 
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Figure 2.8. (a-b-c). Triaxial test results in dry conditions for thermally-treated specimens, at a 
constant 15 MPa effective pressure. (a) Differential stress versus axial strain, as a function of 
maximum thermal treatment temperature (see inset key). (b and c) Stress-strain plots with 
corresponding, normalized, ultrasonic velocities along three representative directions, and 
cumulative AE hit count (red line) for the test conducted on specimens treated to (b) 450°C and (c) 
600°C. Note the initial increase in ultrasonic velocities in c) across all raypaths likely indicating 
thermal induced micro-cracking, followed by velocities reduction corresponding to an increase in 
AE hit count.  
Figures 2.8b and 2.8c show detail of normalized Vp and AE hit rates for the highest thermal 
treatment of 450 °C and 600 °C experiments. For experiment 5 Dry (450 °C), the initial 
e 
f 
c 
d 
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strain accommodation is followed by elastic accommodation until approximately 80 MPa, 
0.3 % axial strain. After the peak stress occurring at 0.9 %, the specimen enters a strain 
softening phase, with a complex strain softening behaviour. In comparison to the ‘as 
collected’ specimens where ultrasonic velocities show a small increment at the beginning of 
the experiments, here Vp data shows an overall trend of higher velocities for the dry 
experiments prior to failure. For the 450 °C treated specimen, velocity data indicates a 
significant velocity anisotropy developing prior to failure, with velocities ranging from +8 
% to -4 %. The most affected ray-path once again was at 90° to σ1 which suggests the 
formation of axial fractures opening perpendicular to σ1. For the specimen treated to 600 °C 
the behaviour appears similar. However, specimen strength is affected by the prior thermal 
treatment. In the specimen treated to 600 °C the peak stress occurred at 1.22 % axial strain 
and 134 MPa differential stress compared to the specimen treated at 450 °C where the peak 
stress occurred at 0.94 % axial strain and 164 MPa differential (Figure 2.8c). In both cases 
the specimen developed a localized shear fracture. Also, in both cases, AE hit rate starts to 
increase dramatically when approaching the peak stress and failure, with a supra-exponential 
trend evident for the specimen treated to 600 °C, whilst the specimen treated to 450 °C has 
a more linear trend.   
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2.6.6 Triaxial tests: drained saturated conditions on thermally treated specimens 
Figure 2.9d shows the stress versus strain results for thermally-treated specimens in 
saturated, drained conditions.  
 
Figure 2.9. (d-e-f) are the triaxial test results in drained, saturated conditions for thermally-treated 
specimens, at a constant 15 MPa effective pressure. 
Peak stress is lower across all specimens (about -30 MPa in all the experiments) compared 
to dry deformation (cfr. Figure 2.6d and Table 2.2), and is very similar (approximately 132 
MPa) to the lowest three thermal stressing temperatures (20 °C, 150 °C, 300 °C); stress-
strain paths are virtually identical with a maximum strain at failure of approximately 1.4 %. 
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Saturated conditions for the thermal treatment at 450 °C shows an increase in strain at failure 
to approximately 1.5 % and a slightly lower peak stress of 130 MPa. The presence of pore 
fluid pressure along with the thermal treatment at 600 °C resulted in a significant change in 
peak stress and stress-strain path, with strain at failure of 1.2 % and peak stress of 100 MPa. 
In all cases the strain accommodated before the peak stress and before failure is significantly 
increased relative to tests in dry conditions (Figure 2.8a). Specimens show a systematic 
decrease in the static Young’s modulus with increasing thermal treatment temperature. 
Focusing on the transition from 450 °C (Figure 2.9e) to 600 °C (Figure 2.9f), in both 
experiments an initial increase in Vp is recorded followed by a decrease, occurring at 
approximately 0.8 % strain for 450°C and approximately 1 % for 600 °C. As was the case 
for dry experiments, the normalised velocity increases initially with deformation from 0% 
to +7% in both cases, and ultimately giving anisotropy values ranging from -4 % to -16 % 
(450 °C) and +2 % to -10 % (600 °C). For experiment 5 Sat (450 °C) AE cumulative hit rate 
shows few events before yield and failure whereas the AE hit rate for experiment 6 Sat (600 
°C) shows a significant AE hit count compared to the previous experiment from the 
beginning of the deformation, which increases discontinuously until the stress drop occurs.   
2.7 Discussion 
2.7.1 Mechanical behaviour of dry and saturated specimens ‘as collected’ 
For dry, ‘as collected’ specimens it is evident that a classical brittle to ductile behaviour 
starts to evolve when crossing a threshold confining pressure of approximately 30 MPa. The 
transition we observe is a steadily flattening and widening pre- and post-peak behaviour in 
the stress-strain curve. For dry experiments at 30 MPa, the amount of strain accommodated 
at peak stress is 1.26 %, considerably higher than that at 15 MPa (at 0.73 %). At 50 MPa the 
behaviour is in ductile regime. The experiment shows that strain hardening is generally 
insensitive to confining pressure increases (the jumps in the differential stress due to Pc 
increase). Bakker et al., 2015b showed that for CL at 50 MPa confinement and 10-5 s-1 strain 
rate, the specimen reached peak stress at 370 MPa of differential stress sustaining 1.8 % 
axial strain, with strain softening behaviour before failure. However, reviewing the specimen 
descriptions of Bakker et al., 2015b it is evident that their study used a more dolomitic 
material, compared with our calcite CL specimens. At the same confining pressure our 
specimens were already within the ductile regime. Nicolas et al., 2016 conducted dry 
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experiments on Tavel Limestone, at the same constant axial strain rate and room 
temperature, which exhibited brittle behaviour for confining pressures up to 55 MPa. They 
found that for Pc ≥ 70 MPa the behaviour changed to a semi-brittle regime, defined as a 
coupled plastic deformation and induced damage (Evans et al., 1990). In our experiments 
the brittle-ductile transition is found to occur at confining pressures above 30 MPa, for 
specimens tested at room temperature and without thermal treatment. This is likely due to 
the larger grain size of CL compared to Tavel limestone (see Nicolas et al., 2016 and Vajdova 
et al., 2004; Vajdova et al., 2010 for more details about Tavel limestone). As porosity and 
grain size increase, the brittle to cataclastic flow transition can occur at lower confinement 
(Wong and Baud, 2012). 
In saturated conditions, Nicolas et al., 2016 found the failure behaviour of the Tavel 
limestone in the brittle and semi-brittle regime. However, water did have a weakening effect 
lowering the peak stresses at which dilatancy occurred. In our water-saturated experiments, 
the response of CL changes at P eff < 30 MPa. Water lowers the mechanical strength, 
decreasing peak stresses and promoting strain softening as seen for experiments 1 and 2 Sat 
(Figure 2.7d). Baud et al., 2000b explained the reduction of sandstone brittle strength in 
presence of water integrating the Orowan's generalization of the Griffith-Irwin equilibrium 
concept (e.g. Lawn, 1993) in a sliding wing crack model. Since we recorded AE during the 
deformation of our saturated samples, we can assume that most of the brittle damage 
measured was controlled by micro-mechanisms at the grain-scale too. Water molecules 
could have lower the micro-crack interface energy on entering and adsorbing onto the walls 
in the cohesion zones, diminishing the stress intensity in our saturated limestone samples 
compared to the dry ones. Experiment 7 Sat at P eff = 30 MPa undergoes strain hardening 
until the deformation localizes, resulting in wedge splitting and conjugate fractures localized 
in the upper part of the sample. At P eff = 50 MPa the behaviour of CL (experiment 8 Sat) is 
in the ductile regime, presenting strain hardening insensitive to increasing confining 
pressures (Figure 2.7f). As highlighted by previous studies, ultrasonic wave velocities and 
AE are both sensitive to inelastic damage, what can be crack nucleation and/or propagation 
under sufficiently high differential stresses (Browning et al., 2017 and reference therein). Vp 
velocities are decreasing as crack damage is increasing. The behaviour of the recorded 
ultrasonic velocities for our experiments (Figure 2.6), is reflecting the previous findings. The 
Vp velocities increase at the beginning of the tests when differential stress is applied, during 
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closure of pre-existing micro-cracks (Browning et al., 2017). The change in velocities at the 
onset of inelastic accommodation depends on the direction of the considered ray-paths. In 
general the most affected direction showing the higher anisotropy is the ray-path at 90° to 
σ1, where travel is across newly-generated fractures.  Encountering a high density of micro-
cracks is increased with a high incidence angle, as consistently demonstrated in our data, 
and in common with other studies (Harnett et al., 2018). 
2.7.2 Effects of thermal treatment on Comiso Limestone strength 
In our experiments, pre-deformation thermal treatment is seen to have an influence on the 
rock mechanical properties. XRPD analyses on powders of specimens treated at 600 °C 
revealed the presence of Portlandite (Figure 2.10). 
 
Figure 2.10.  XRPD for CL sample after temperature treatment at 600 C. Portlandite is highlighted 
in green. 
As reported by Heap et al., 2013, Portlandite is a calcium hydroxide which is the result of 
the combination of CaO (product of decarbonation) with water in the atmosphere after the 
thermal treatment, according to the formula CaO+H2O=Ca(OH)2. As this is an exothermic 
reaction, it provokes an increase in volume, affecting the specimens even further (no 
measures of volumes are available here). Decarbonation has been reported to be one of the 
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cause of weakening in strength (Heap et al., 2013; Mollo et al., 2011). A collection of SEM 
images of our thermally treated specimens is in Figure 2.11 below showing the increased 
porosity.  
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Figure 2.11. SEM-SE images of CL at increasing thermal treatment, from a) room temperature, b) 
450 °C to c)-d) at 600 °C. a) At room temperature the SEM inspection highlighted the presence of 
numerous pores of few microns and only few up to ≤50 μm. b) At 450 °C, a trend is visible showing 
an increased pore sizes, with numerous pores at 30≤ μm≤50. At 600 °C c) and d) micro-cracks are 
formed radiating from the pores and connecting newly-formed/existing pores. 
Amongst the results found by Heap et al., 2013, a few comparisons can be made between 
CL and MCL (Monte Climiti Limestone - 100% calcite). In Uniaxial Compression tests, the 
MCL specimens that were previously thermally treated up to 800 °C, showed no variation 
in strength up to 500 °C, with a peak stress at 0.3 % axial strain (1.0 x 10-5 s-1). For 500 
°C<T<650 °C, the strength showed no variation but the specimens attained the peak stress 
at 0.6 % axial strain. As Heap et al., 2013 highlighted, the addition of Pc results in a reduction 
of the temperature required to switch to a ductile flow. Bakker et al., 2015b and Nicolas et 
al., 2016 performed triaxial experiments on CL and Tavel Limestone respectively, and both 
also applied room to in situ temperatures while deforming.  Bakker et al., 2015b found the 
Young Modulus to be insensitive of P, but sensitive to T, decreasing from 34 GPa at 20 °C 
to 16 GPa at 600 °C. Our tests show a decrease from 28.7 GPa at 20 °C to 12 GPa in the 
samples pre-treated at 600 °C. Nicolas et al, 2016 conducted experiments of Tavel Limestone 
at 70 °C,  finding an overall reduced strength, but with the brittle to semi-brittle transition 
occurring at a lower confinement: between 35 and 55 MPa, in dry conditions. Conversely, 
the experiments run at Pc = 50 MPa of Bakker et al., 2015b, showed a BD transition at 
350±50 °C. The data we report, although at different pressure and temperature conditions, 
support the idea that the presence of elevated temperatures can impress limestone 
microstructure (thermal damage) by lowering its mechanical strength; this is true either when 
elevated temperatures are present during mechanical deformation or when elevated 
temperatures were present before. 
In our experiments, the pre-test thermal treatment illustrate an underlying thermal damage 
that is only partially characterised by AE output: at 150 °C CL does not show any significant 
AE output or damage, supported by unchanged P-wave velocities. Low AE counts in the 300 
°C – 450 °C thermal stressing tests would also, apparently, indicate the absence of significant 
damage, however P-wave velocity decreases by up to 17 % over this temperature range 
(Figure 2.5 a,b,c), indicating indeed that thermal damage is present. We interpret that these 
temperatures do induce thermal damage but likely the low AE output is likely indicative of 
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the natural variability of this rock. At 600 °C (Figure 2.5 a and d), the number of AE increase 
dramatically along with a consistent Vp decrease. At this temperature, different mechanisms 
of thermal damage might be activated, such as decarbonation and quartz α to quartz β 
transition (573 °C, ambient P: Tuttle, 1949) the latter corresponding to increasing volume. 
Elastic P-wave anisotropy measurements further confirm the development of a pervasive 
fracture damage that is extended and promoted by the thermal treatment. Regarding the 
results obtained during the triaxial tests at room temperature, given the consistent nature of 
the peak strength of the thermally treated materials, it is thought that the previous heat 
treatment promoted inter-granular cracking (e.g. Fredrich and Wong, 1986) that locks the 
overall specimen to give a consistent strength, but with additional heating, allows a higher 
total strain at failure, as seen in the data (Figure 2.6a).  This influence extends in dry and 
saturated conditions, where the strength is at 160 MPa, between 0.57 % and 0.91 % axial 
strain and 130 MPa and 0.67 % to 1.22 % axial strain, respectively. Whilst the anisotropy 
reaches a maximum of 15 % (span ranging from -3 % to -18 %) for dry untreated specimens, 
this increase to 30 % (span +10 % to -20 %) after thermal treatment to 600 °C. The effect is 
subdued when water is present, increasing from 10 % (0 to -10) to 17 % (+7 to -10) due to 
thermal stressing, with the lower anisotropy providing further evidence of crack fabric, but 
this time filled with pore fluid that seeks to lower the effective elastic wave speed (e.g. 
Mavko et al., 1998). The AE trend shows indeed an increment in the final output for the 
thermally treated specimens, whereas for the as collected specimens the trend is slightly flat 
and homogeneous throughout the experiments.  Overall, with respect to the previous triaxal 
experiments run with in situ temperature, our previous thermal treatment assumes a different 
point of view. An in situ experiment aims to reproduce either a condition in depth or the 
presence of a magmatic body close to the rocks at the same time of the deformation. Triaxial 
tests at room temperature run on specimens previously treated and at modest confining 
pressures representing depth, aims to reproduce a common situation in volcanic 
environment: the intrusion of magma bodies which bring to the deterioration of the country 
rocks. Being deteriorated, these rocks will be more prone to fail and accommodate structural 
deformation which are of fundamental importance in the overall stability of the edifice. 
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2.7.3 Brittle-ductile transition  
To provide a macroscopic description of the brittle-ductile transition, the data from all of our 
tests were plotted in strength vs Pc space (Kohlstedt et al., 1995) (Figure 2.12). For those 
experiments that produced ductile behaviour we measured the strength consistently at a 
threshold of 2 % axial strain. Byerlee’s Rule (black line) and the Goetze’s Criterion (dotted 
line) are reported as they delimit the brittle region from the semi-brittle region (Fig. 2.12). 
 
Figure 2.12. Experimental results plotted on a strength vs Pc plot.  
We find that most of the experiments concentrate in the brittle region which is characterized 
by localized cataclastic flow. We highlight in Figure 6 the two end-member thermal 
treatment cases, RT (room temperature) and 600 °C both under dry and saturated conditions. 
The specimen treated to 600 °C has a strength comparable to that of the saturated RT 
specimen indicating that both water and thermal cracking have a strong influence on 
strength. We also highlight the experiment under saturated conditions at Pc=30 MPa, which 
exhibited a strain hardening behaviour typical of the semi-brittle regime but which 
eventually reached failure (Figure 2.7a). The two experiments that induced ductile behaviour 
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fall in the transitional region, as confirmed from the macroscopic inspection of the post-
mortem specimens. According to Evans and Kohlstedt, 1995, these experiments transition 
to a failure mode from localized to ductile, into the mechanism class from brittle to semi-
brittle, involving both plastic and brittle mechanisms.  Our results explore only a single strain 
rate whilst the sensitivity of rock strength to strain rate is known to be very pronounced in 
the semi-brittle and ductile domain, especially in presence of continuous high temperature 
and/or creep conditions. 
2.7.4 Application of results to the Etna basement 
At Mount Etna previous studies have located the presence of shallow magma reservoirs 
between 3-5 km depth, within the sedimentary basement (Aloisi et al., 2011; Bonaccorso et 
al., 2010; Gambino et al., 2016): this provides one of the key motivations for this study. 
Magmatic intrusions generate high temperature gradients, which can have a significant effect 
on the mechanical, chemical, and physical properties of the surrounding rocks, especially 
sedimentary rocks which are more prone to the effect of temperature and fluids circulation, 
promoting micro-cracking development and enhancing inelastic behaviour (Rutter, 1972; 
Rutter, 1974; Yavuz et al., 2010; Mollo et al., 2011; Heap et al., 2013; Nicolas et al., 2016). 
As carbonate rocks have a tendency to exhibit ductile behaviour already at laboratory 
temperature and strain rate (Baud et al., 2000a), the addition of fluids, and the thermal 
cracking effect, as shown here, will lead to ductile behaviour in the sedimentary basement. 
Magma reservoirs in the Etna’s sedimentary basement feed both central and lateral conduits 
as well as numerous dykes and sills (Aloisi et al., 2011, Bonaccorso et al., 2010, Gambino 
et al., 2016, Bonforte et al., 2008). In general, dykes at Etna can be classified into two main 
types: a) horizontally propagating dykes that originated from a central conduit to the point 
of eruption (Sigmundsson et al., 2010) and b) vertically propagating dykes fed from a 
shallow magma reservoir which bypass the central conduit and intrude through the entire 
basement towards the surface. This latter type is the more typical for the Etna’s basement 
(Aloisi et al., 2009; Gambino et al., 2016; Bonaccorso et al., 2010; Gudmundsson, 2002). 
The volume of sedimentary substratum that is thermally affected by shallow magma 
reservoirs (3-5 km depth) at Mount Etna is approximately 6 km3, with a temperature gradient 
from 1200 °C to 300 °C at a radial distance of 1.5 km (Mollo et al., 2011 and reference 
therein). Magmatic intrusions, whether dykes or sills, or sub-spherical pressure sources, 
produce substantial heat which likely affects the basement rocks of Mt Etna, and other 
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volcanoes with sedimentary substratum. To relate our laboratory data to a physical model 
considering the proximity to a dyke intrusion, we constructed a 2D finite element model 
using COMSOL Multiphysics (Figure 2.13). 
 
Figure 2.13. 2D finite element model representing a dyke as heat source (of 1200°C) embedded in a 
cooler carbonate host rock (of 50 °C). (a). Model set-up and parameters. (b) Model results showing 
temperature decay away from a 1 m thick dyke. (c) Temperature versus distance plot for a 1 m thick 
dyke, and for a 10 m thick dyke. Inset shows zoomed view up to 600°C, for a distance up to 3 km. 
Thin-dashed lines show representative temperatures as per the thermal treatment experiments. Data 
are summarised in Table 2. 
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Here, we consider the thermal effects on a carbonate host rock from the intrusion of a vertical 
basaltic dyke with a temperature of 1200 °C (Figure 2.13a). Using the heat transfer module 
in COMSOL, we build an axisymmetric 2D representation of a 1 m and 10 m thick dyke 
intruding into a cooler carbonate host rock with an average calcite thermal conductivity (k) 
of 2.5 W K-1 m-1, and a base temperature of 50 °C (Fig. 2.13a). A finite element mesh is 
created around the intrusion with a maximum resolution of 0.5 m. The model then solves the 
heat transfer equation (1) for conduction throughout the 20 km2 domain to calculate the 
resultant temperature field of the host rock following intrusion (Fig.2.13b) as follows:  
𝜌𝐶𝑝 ∙ ∆𝑇 + ∆  ∙ (−k∆T) =  𝑄  (1) 
where ρ is density, Cp is specific heat capacity and Q is heating power per unit volume. This 
is a first order model that calculates the instant temperature field (∆T) in an isotropic dry 
host rock and so does not consider time dependant effects or preferred pathways for 
convective heat transfer or fluid rock interactions. The model therefore does not fully 
characterise the complexities of a thermal regime surrounding an intruded dyke but instead 
provides insights of the effect of temperature with proximity to a heat source. Applying this 
model to the heat-treated laboratory specimens suggests the expected approximate distance 
from the two different thicknesses of dykes that each specimen represents.  In the case of a 
1 m thick dyke intrusion, our four heat treated specimens represent a proximity to the dyke 
of  0.1 km at 600 °C, 0.2 km at 450 °C, 0.43 km at 300 °C, and 1.2  km at 150 °C. For a dyke 
of 10 m thickness, which is an extreme case for Etna, but commonly found at other volcanoes 
(e.g. Gudmundsson, 1995), the temperature field is much hotter which is entirely as 
expected. Increasing dyke thickness reduces the temperature decay at distance from the heat 
2.3 
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source: for a 10 m dyke, the 600 °C heat treatment would now be experienced at 0.3 km, 450 
°C at 0.5 km, 300 °C at 0.95 km and 150 °C at 2.5 km from the dyke (Figure 2.13c and Table 
2.3).  
Although being a quite simple model, when combined to laboratory analysis, one can 
observe that a dyke 1m thick can already exert a critical influence on the mechanical 
properties of CL present a few hundreds of metres away, and that this scenario may easily 
be extended across the depths where dykes and limestone are present in situ.  
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3 Chapter 3: Shear Tests in Laboratory 
3.1 Introduction 
Investigation about frictional properties of rocks and gouges and mechanisms active during 
sliding is a long story. In the broad spectrum of fault slip, the response of rock to movements 
along pre-existing planes (e.g. faults) determines the seismogenic or non seismogenic nature 
of the fault, which is a rapid slip with generation of an earthquake or aseismic slow sleep or 
creep, respectively (e.g. Byerlee, 1978;). Friction along fault planes can vary according to 
many, diverse parameters: roughness of the contact surfaces, presence of fluids, composition 
of fluids, pressures, state of stresses before-during-after the movement, temperature, , filling 
materials (fault gouges), mineralogy of the gouges, particle size and angularity, fabric of 
fault zones just to cite few (e.g. Byerlee and Brace, 1968; Byerlee, 1978; Scholz, 1998; Di 
Toro et al., 2011; De Paola et al., 2010; Lockner and Beeler, 2002; Kanamori, 1994). For 
the purpose of this thesis, the interest is focused on production of granular material as a 
consequence of wearing of the asperities in contact along fault planes during sliding, alias 
fault gouges.   
 Fault gouges vary in composition, grain size and thickness depending on the nature of parent 
rocks, as well as on the geological setting and for chemical and/or mechanical alteration (e.g. 
Byerlee, 1978; Anthony, 2005; Scholz, 1987). Along active faults, slip is accumulated 
through timescales that can vary from seconds to centuries (Kanamori, 1994), evolving from 
a state of new formation to progressively a mature fault zone, hence they can present variable 
thicknesses. The dominant mechanical behaviour along a fault plane, either stick slip or 
stable sliding, is determined by the nature of gouges, as gouges accommodate strain through 
comminution, dilation and/or compaction, sliding, rolling and shear localization is favoured 
with increment of displacement (Anthony, 2005; Marone, 1998; Marone et al., 1992; Scholz, 
1987).  
Since the 70’s, a systematic experimental and theoretical investigation was carried on with 
the aim of reproducing observed natural conditions in laboratory, to unravel and constrain 
the mechanical, physical and chemical processes under controlled conditions otherwise 
difficult or even impossible to attain in situ (Lockner and Beeler, 2002). Specific apparatus 
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designed to run experiments on bare rocks surfaces with or without the presence of gouge 
layers have allowed to contribute enormously to the body of knowledge of frictional 
mechanics in fault zone: triaxial experiments using metal or rock saw-cut cylinder geometry, 
with or without the presence of a gouge layer (e.g. Rutter et al., 1986; Byerlee and Brace, 
1968; Faulkner et al., 2011; Logan and Rauenzahn, 1987); double-direct shear configuration 
(e.g. Collettini et al., 2009; Ikari et al., 2011; Marone and Kilgore, 1993; Marone et al., 
1990); slow to high velocity apparatus or rotary shear (e.g. De Paola, 2013; De Paola et al., 
2010; Di Toro et al., 2011). It is worth noting that the triaxial conditions is the only one 
allowing so far to apply a confining pressure whilst testing the frictional response. The other 
methods applies a normal stress only in one direction.  
Samuelson and Spiers, (2012) recently introduced the so-called direct shear setup: friction 
tests are conducted by the means of two L-shaped half cylinders with a layer of synthetic 
gouge between them. This setup is designed for testing in a triaxial configuration. As 
reported by the authors, it builds on and improve the precedent technique as it allows to 
maintain a constant normal stress on the sample throughout the test, avoiding continuous 
stress changes and recalculations pertaining to the saw-cut configuration. The technique has 
then been consequently used in other studies, with the aim of further explore fault gouges 
properties (e.g. Faulkner et al., 2018; Leclere et al., 2016; Verberne et al., 2013; Pluymakers 
et al., 2014; Hunfeld et al., 2017). In this study, we designed and created our own sliding 
holders to accommodate more initial materials and shear displacement than is available in 
these other existing versions to support the research investigation. This Chapter presents how 
these holders were elaborated step by step.  
3.2 Conceptual Design of Direct Shear Sliding Holder  
The aim of this part of the project is to design a sliding holder capable to fit the size of MTS 
815 Mechanics Testing System, see section 3.1 in this chapter for a detailed description of 
the apparatus. 
The direct shear setting consists in two L-shaped halves of a cylinder in juxtaposition one 
against the other, that when closed together they form a full cylinder (Figure 3.1). The sample 
is hosted between the two half cylinder. Therefore with this orientation the applied normal 
load (σN), perpendicular to the area of interest, equals the confining pressure (σ2=σ3), and 
remains constant on the gouge layer throughout the entire experiment. The two sliding 
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surfaces remain fully in contact until the end of shear displacement, avoiding any loss of 
surface. Finally, no sharp edges are in contact with the jacket, avoiding correlated failures, 
sometimes common in other techniques. 
 
 
 
 
 
Figure 3.1. From Samuelson 
and Spiers, 2012. Details of the 
direct shear configuration. A) 
The two half cylinders. B) The 
equipment jacketed after a test, 
as it is possible to see from the 
bulges in correspondence of the 
stoppers. C)  and D) before and 
after, respectively, the test to 
show the behaviour of the 
stoppers. E) Measures of one 
side of the slider. 
 
 
Following this procedure, a new-brand sliding holder was built at BGS workshop during this 
PhD project. The sliding holder has full-cylinder bases and half-cylinder in the remaining 
length, with a total length of 210 mm and a diameter of 53.92 mm. The holders are built with 
surface capable to host samples of 53.92 mm of diameter and 98 mm length (Fig. 3.2). The 
gouge-holder contact surface has been machined with triangular grooves perpendicular to 
the shear direction (0.71x0.71x1 mm side length) to avoid the shear displacement to occur 
at the gouge-holder interface instead of within the gouge layer (Marone and Kilgore, 1993). 
The total contact area when the two half cylinder are juxtaposed, is of 5284.16 mm2. In 
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comparison, to date, all the other direct shear experiments using this configuration were 
carried on smaller equipment (e.g. about 35 mm diameter per 47 mm length contact area, as 
in Samuelson and Spiers, 2012).  
 
Figure 3.2. Sketch of the sliding holder designed for the MTS Triaxial apparatus. The diameter is 
53.92 mm and the overlapping surfaces are 98 mm.  
Although it might sound a straightforward process, the development of these holders 
involved 3 generations of holders before the right specifications for the grooves sizes, edge 
preparation and steel performance were achieved. 
3.2.1 Sliding holder #1 
A 316L stainless steel was employed for the first sliding holder generation. The material has 
a very high corrosion resistance, with a yield strength of 300 MPa. It was provided with 
inner conduits to allow the injection of fluids for test with pore fluid pressure (Fig. 3.2). The 
holders were built in 6 months, from the design itself to the product delivery. Once the holder 
was finished, a series of calibration tests were run to check the strength and the behaviour of 
the final assemblage, with the sliding holder completely jacketed.   
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3.2.1.1 Bending 
After the first series of calibration tests (further described in this chapter), the first sliding 
holder resulted bent. A close inspection revealed that during the test the grooves interlocked 
in a point where stoppers were not present, creating a point of stress exceeding 100 kN in 
axial stress (Fig. 3.3a). A simple numerical model projecting the interlocking of the grooves 
to simulate the increase of stress in the holder showed that an increase in stress in the platens 
up to 200 kN (Fig. 3.3b) very likely occurred. The interlocking had produced stresses 
overcoming the yield strength of the stainless steel.  
 
 
 
 
 
 
 
 
 
 
Figure 3.3. a) Axial Force in kN showing 
the increase of stress during calibration 
test with powder. b) Numerical model 
reporting the stresses raising in the 
sliding holder at 200 KN of axial force. 
 
 
 
a 
b 
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The sliding holders were subsequently repaired, and the holders were inspected for any 
bending after each experiment.  
3.2.2 Sliding Holder #2 
Knowing that the sliding holder could be affected by bending and the time required to build 
the sliders themselves, the design of a second generation of sliding holders started soon after 
the issue encountered with the first one. The intention was to use a higher resistant material. 
For this second attempt, alloy 17-4PH was used. The alloy is a stainless steel with Cu and 
Nb/Cb additions, providing a greater yield strength (1100-1300 MPa). A better pore fluid 
distribution system was also implemented allowing the fluid to flow and saturate the gouges 
in a more efficiently. The porous material is carved as a ‘net shape’, used to cover the fluid 
system to avoid gouges to go in and block the water flow. This second sliding holder was 
tested to see the response with simulated gouges, but unfortunately the porous material was 
not strong enough to resist the friction strength created by the powder. This generation of 
holders was therefore not used. 
3.2.3 Sliding Holder #3 
To obviate all the inconveniences encountered during with sliding holder #1 and #2, a third 
(and last holder generation!), built in alloy 17-4PH but without pore fluid system was built. 
Here, the grooves were carved to result at the same level of the surface, not above as in the 
first generation. This latter holder proved to be built in a better and resistant material with 
respect the previous two generations.  
3.3 Sample assembly  
Two Teflon sheets were used as sample material, knowing that Teflon has ‘no’ shear 
resistance. 
At the end of each holder, a stopper is used to avoid the two halves to contact each other 
whilst sliding (Figure 3.4a). The recompleted cylinder, i.e. the two sliding holders with the 
sandwiched sample, is then encased in a 0.5mm Polytetrafluoroethylene (PTFE) heat shrink 
tubing; rubber membranes were added at the ends of the cylinder to create a better grip for 
sealing between the holders and the PTFE layer to prevent further oil infiltration (Fig. 3.4b). 
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An additional thick (2 mm) elastomer tubing (Viton-like) is slide over the entire assemblage. 
The full seal is then provided with locking wires Figure 3.4c). 
 
Fig. 3.4 a) The two half cylinders showing the contact areas provided with grooves and the two 
stoppers used to avoid collisions during tests. b) The assemblage is jacketed with a heat-shrinking 
Teflon jacket, two membranes are added between the slider and the jacket to assure a better isolation 
from the confining pressure medium. c) The entire assemblage is then jacketed again with a black 
rubber jacket.  
3.4 Triaxial testing at the British Geological Survey  
All of the main testing in this study was undertaken in the Rock Mechanics and Physics 
Laboratory (RMPL) at the British Geological Survey (BGS), Environmental Science Centre 
in Keyworth, Nottinghamshire. 
3.4.1 Apparatus 
The apparatus used to perform the direct shear test is the MTS 815 Rock Testing System, a 
closed-loop proportional-integral-derivative servo-controlled (PID controlled or three-term 
controller) stiff load frame capable of maximum axial loads up to 4600 kN, fitted with a 
confining pressure vessel capable of applying confining pressures up to 140MPa (Figure 
3.5). High temperature conditions are possible (although not used in this study) with external 
heater bands fitted to the confining cell utilising cascade control from an internal 
thermocouple fitted directly next to the sample and an external thermocouple fitted to a 
heater band (accurate to ±0.5  C). Mineral oil was used as the confining medium. A 2600 kN 
capacity force transducer (accurate to 0.32% of the load) was used to measure the axial load. 
A spherical seated platen was used between the specimen and the capacity force transducer 
a b c 
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to prevent eccentric loading. The parameters monitored, controlled and recorded during test 
are: time, axial displacement, axial load, confining pressure, confining displacement, and 
temperature. 
 
Figure 3.5. Courtesy of BGS Nottingham. MTS 815 Rock Mechanics Testing System used for triaxial 
tests in this project. 
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3.4.2 Test methods & procedures for the calibration tests 
The sample’s assembly was mounted under the load cell. The axial hydraulic actuator piston 
was first raised to engage with the base plate of the pressure vessel using the manual 
controller. Then the base plate was raised too and the sample’s assembly was brought within 
1mm of contact with the load cell. The axial displacement was zeroed at this point as a 
reference point of no contact between the assembly and the piston. The pressure vessel was 
lowered and sealed shut, still with 0mm displacement maintained by the servo-controlled 
system.  
The pressure vessel was filled with confining oil before confining pressure was applied to 
the samples at a rate of 0.04 MPa/s (unless during few calibrations test performed without 
confining pressure, as indicated further below). Once all stable at hydrostatic pressure, 
differential axial loading was initiated by increasing the axial displacement. The test was 
terminated once the maximum desired displacement was reached, or earlier if any issue was 
identified. Load was removed at the same rate of constant axial displacement. 
3.5 Calibration tests validating the sliding holder design 
Calibration tests are required to evaluate the response of all the components of the sliding 
holders (e.g. end stoppers and jacketing materials, as well as the sliding holders themselves) 
to the applied axial load and confinement pressure, and their possible impact onto the 
measurements of the friction properties of the material investigated. It is particularly 
important to check the properties of the stoppers to quantify any shear resistance to 
compression.  
Stoppers positioned at the end of each sliding holder, were used to prevent the sliders from 
collision. The ideal material should be elastic, with full recovery after applied load and soft 
enough to not add any resistance to the shear. To fit the requirements of being reusable, easy 
to prepare and not too expensive, three materials were chosen for the tests: two rubbers and 
a silicon.  
Belzona 2131: Two components rubber, short cure time (few days) depending on ambient 
conditions. Recovery after compression is 24 % in 30 minute. Shore durometer test: 90 (hard 
material). 
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Belzona 2221: Two components rubber, with high flexibility when dry and tough. Short 
cure time (few days) depending on ambient conditions. Recovery after compression is 16% 
after six hours. Shore durometer test 69 (hard material). 
Silicone: Adshead Ratcliffe, one component high modulus silicone ISO 11600-F/G-20 HM. 
Long cure time (2 mm in 24 hours). Shore durometer test 20 (soft material). 
The calibration cycles involved axial displacement up to the total length allowed, in two 
rounds: cycle 1 is from 0 to 5 mm and cycle 2 from 5 to 10 mm displacement. Between cycle 
1 and cycle 2 the axial load is removed but the displacement is maintained. In this case the 
stoppers are tested in uniaxial conditions. Cycle 3 is a repetition of cycle 1 and 2 with an 
applied confining pressure of 15 MPa. In this way it is possible to see if the stoppers present 
a sort of ‘rebound’ (recovery) when the applied stress is removed, and mainly they 
mechanical behaviour (i.e. stiffness) under increasing axial pressure. Cycle 4 is a preliminary 
test with synthetic powders, where the axial load is constantly increasing up to the maximum 
displacement, to obtain data reproducing a real experiment using simulated gouges, and to 
test the functioning of all the components. This test is run with an applied confining pressure 
σ3=15 MPa. In this case, the final values of friction coefficient, μ, are obtained. Cycle 1 
showed an increase up to 0.03 friction coefficient, before being stopped at 4.70 mm 
displacement. The piston was retracted to zero and then cycle 2 started. The friction 
coefficient reached a maximum at 0.065 at 6.63 mm displacement. In this case, a more 
reliable results of friction coefficient were obtained. The sliding holder, the stoppers and the 
jackets showed to resist the displacement. 
3.5.1 Calculations 
As mentioned before, the direct shear configuration implies a calculation of the stresses 
applied on the contact surface which differs from previous techniques. In direct shear the 
contact area containing the sample is positioned parallel to the axial load, and perpendicular 
to the confining pressure. Therefore, in this configuration the minimum principal stress σ3 
equals the normal stress σN, and the minimum principal stress σ1 (axial stress) equals the 
shear stress, .  
The first set of calibration tests were run in uniaxial condition, hence with σ3=0. The zero 
point, or initial point, is considered to be when the axial force first becomes positive, i.e. 
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when the piston is contacting with the sliding holder assembly and shear is starting. All 
recorded parameters (time, axial force, and axial displacement) are subsequently zeroed 
accordingly.  
Another consideration to take into account is that the contact area is changing continuously 
as the displacement increases: as the displacement increases, the contact area is changing. 
Accurate calculations of the area are necessary to obtain valuable data on friction 
(Samuelson and Spiers, 2012). In this case, the total area considered is the area with the 
grooves, which means it is: 98 mm x 53.925 mm = 5284.16 mm2. At the beginning of the 
experiment the contact area created by the two half cylinders it is not overlapped, as the 
stopper are created to allow 10 mm of displacement, and therefore they are pushing the two 
sliders away. At the beginning of the experiment, when the piston is applying load, the two 
contact area are sliding one against the other until they are completely overlapped. Following 
this procedure, the initial area has been calculated subtracting from the total area the true 
amount of area displaced, based on the time interval and the calculated area increment (e.g. 
displacement in function of time). With this calculation, the final area value is coincident 
with the total area. Regarding the experiments run in uniaxial conditions, the calculation of 
the shear stress is obtained dividing the axial force by the area increment; regarding the 
experiments run in triaxial conditions, the friction coefficient is obtained dividing τ by σ1 
(equal to σ3). 
3.5.2 Calibration results for Belzona 2131 
In cycles 1 and 2, Belzona 2131 showed to reach an axial pressure of 1.4 MPa and 1.5 MPa, 
respectively and a shear stress of 0.60 and 0.63, respectively. The trend is showing an 
increased stiffness, even if moderate, when loaded during the second cycle (Figure 3.6). In 
the chart are reported both the axial pressure and the shear stress.  
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Figure 3.6. Increasing axial load (light blue and orange lines) and increasing τ (purple and blue 
lines) for cycles 1 and 2 of Belzona 2131. 
As highlighted in the chart, Belzona 2131 is opposing some resistance to shear and in 
particular, the extrusion of the material at the end of the experiment is severe: the Teflon 
jacket is heavily stretched. In cycle 3 with an applied confining pressure of 15 MPa (Figure 
3.7), Belzona 2131 shows an initial hardness with the differential axial stress increasing from 
zero to 4 MPa after only 0.12 mm displacement. The trend continued increasing steadily 
reaching a peak of 6 MPa already at 2.7 mm of axial displacement. For this reason the test 
is stopped to check the Teflon jacked conditions. 
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Figure 3.7. Behaviour of Belzona 2131 with Pc=15 MPa applied. The axial stress showed a dramatic 
increase up to 4 MPa after 0.12 mm of displacement and consequently a lower but steady increase 
until the experiment was stopped. 
As expected, the extrusion was really severe, and along the contact between the two sliders 
the Teflon jacket started to show failure, due to intense stretching caused by the extrusion. 
For this reason, Belzona 2131 it has not been chosen as material for stoppers. 
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3.5.3 Calibration results for Belzona 2221 
Belzona 2221 is chosen for its softer properties, as reported before. In cycle 1 and 2 it reached 
a peak of 0.75 MPa and 0.85 MPa axial pressure, respectively and 0.33 and 0.37 of shear 
stress, respectively. Also in this case, the rubber started to behave in a stiffer manner during 
the second cycle of applied stress (Figure 3.8). 
 
Figure 3.8. Axial pressure increasing at 0.75 MPa (light blue line) and 0.85 MPa (orange line) and 
increasing τ (grey and yellow lines) at 0.33 and 0.37 for cycles 1 and 2 of Belzona 2131. 
Despite the lower peak stress reached compared to Belzona 2131, the extrusion was even 
more severe (Figure 8) and therefore the experiment with confining pressure applied it 
wasn’t performed. The Teflon jacket didn’t break, but it was heavily stretched (Figure 3.9). 
For this reason Belzona 2221 wasn’t the choice as material for stoppers. 
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Figure 3.9. a) and b) Belzona 2221 extrusion after cycle 1 and cycle 2 of calibration test. 
 
 
 
 
 
 
 
 
 
 
 
 
a b 
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3.5.4 Calibration results for Silicone 
The series of calibration tests for silicon shows that this material has the softest properties 
amongst the materials tested (Figure 3.10). 
 
Figure 3.10. Axial pressure (blue and orange lines) and shear stress (grey and yellow lines) results 
for silicone. The shear stress shored the lowest values respect to the other materials used for 
calibration, with a peak of 0.19 and 0.21 for cycle 1 and 2, respectively. 
Already during the cycle 1 the axial stress reached a peak of 0.44 MPa and 0.51 MPa, and 
calculated as shear stress 0.19 and 0.21. Also in this the material showed an increasing 
stiffness during the second cycle. During the experiment, the extrusion of the stoppers was 
limited, hence the Teflon jacket was not exposed to heavy stretched. Regarding the values 
of shear stress, the positive values indicate that some resistance is created inside the holder, 
for instance by the jackets or the Teflon. After an accurate check at the end of the 
experiments, it was clear that this low resistance was given by the Teflon sheet: in this case 
a single sheet was used, and being Teflon a soft material, it was affected by the presence of 
the grooves: at the end of the experiment the Teflon was superficially cut by the grooves. 
Being only one sheet it was stuck between the grooves of the two sliding holders, creating 
some resistance registered by the machine.  
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The calibration test is been repeated for the third sliding holder, in this case with two Teflon 
sheets in contact and again with silicone as stopper. This test is run with an applied confining 
pressure, σ3=15 MPa. In this case, the final values of friction coefficient, μ, are obtained 
(Figure 3.11). Cycle 1 showed an increase up to 0.03 friction coefficient, before being 
stopped at 4.70 mm displacement. The piston was retracted to zero and then cycle 2 started. 
The friction coefficient reached a maximum at 0.065 at 6.63 mm displacement. In this case, 
a more reliable results of friction coefficient were obtained. The sliding holder, the stoppers 
and the jackets showed to resist the displacement. 
 
Figure 3.11. Results for the calibration test of sliding holder #3. The test were run using two Teflon 
sheets of 1 mm thickness each, and an applied confining pressure of 15 MPa. In cycle 1, the friction 
coefficient reaches a maximum of 0.03 at 4.70 mm displacement, while in cycle 2 it reaches a 
maximum of 0.065 at 6.63 mm displacement. 
It is interesting to note how the friction coefficient is increasing during the second cycle. 
After the experiment, it was clear that the applied confining pressure was enough to 
compress the Teflon sheets one against the other and enough for them to be superficially cut 
by the grooves. However, this calibration test proves that the assemblage in creating 
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minimum resistance to the shear (< 0.1), therefore this contribution is not counted as 
affecting the friction data. 
3.5.5 Calibration results with simulated gouge and silicone 
The last calibration test, cycle 4, is thought to evaluate the resistance of the Teflon jacket 
and an additional rubber jacket to assure no leaking in case of failure (i.e. Teflon jacket being 
cut and oil, used as pressure medium, infiltrating and invalidating the experiment), along 
with a layer of powders. For this test a confinement pressure of 25 MPa is applied and the 
powder selected is the quartz-sandstone. In this case, having confining pressure applied, it is 
possible to calculate the friction coefficient, reported in figure 3.12. The powder is used wet, 
to assure an initial cohesion during sample preparation.  
 
Figure 3.12. Calibration test with a layer of powder, 2 jackets (Teflon and rubber) and silicon 
stoppers. The experiment is run with Pc=25 MPa. Friction coefficient showed an initial increase up 
to a peak of 0.32, followed by a decreasing trend and a slight recover before 5 mm displacement, 
when experiment is stopped. 
The friction coefficient showed to increase to a maximum peak of 0.32, followed by a 
descending trend (Figure 3.12). The value for quartz-sandstone are quite low (average 
friction coefficient for quartz 0.5-0.6, e.g. Crawford et al., 2008), probably because the 
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powders were spread wet onto the surface to assure cohesion during test preparation. The 
test was interrupted at 5 mm of axial displacement, when the friction coefficient is showing 
a mild increase. Subsequent observations after the test showed that silicon stoppers were 
behaving without excess of extrusion and, most important, the second rubber jacket was 
necessary to protect the inner Teflon jacket from oil intrusion, as it showed signed of wearing 
in correspondence of the gouge layers. 
3.6 Discussion: Advantages and Limitations 
Direct shear configuration has been previously tested showing its efficiency (e.g. Samuelson 
and Spiers, 2012; Verberne et al., 2013). However, usual dimensions for sliding holders are 
smaller than the dimensions required for the MTS Triaxial apparatus. For this reason, three 
generations of sliding holders have been done to upscale properly the problems encountered. 
Here after, a list of advantages and limitations connected to the design, the time used to 
prepare samples and holders, the experiments. 
Advantages 
 MTS triaxial machine is capable to host samples of considerable size, for this 
reason the sliding holder for this machine allows to have a contact surface larger 
than usual contact surfaces. 
 The size allows to have up to 10 mm of total displacement. 
 The geometry of the sliding holder, as previously shown by Samuelson and Spiers, 
2012 allows to consider the confining pressure σ3 as the normal pressure σ1. In 
this way the pressure remains constant throughout the experiments, without the 
continuous changes that the saw-cut configuration is experiencing.  
 There is no surface loss as the experiments are progressing.  
Limitations 
Being the first time in testing the direct shear configuration for MTS apparatus, few issues 
arose during calibration tests, gouges preparation and experiments.  
 Silicone proved to be the best material to create the stoppers to be positioned at the 
end of each slider, but it has a long cure time, requiring two weeks of preparation 
for each stopper. Two Teflon gasket have been built to have the possibility to prepare 
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two stoppers contemporaneously, and 10 stoppers were made to have enough of 
them in case of substitution.  
 Natural samples of clay were sieved manually to avoid mechanical sieving, which 
can destroy clay minerals. The amount of clay gouges for each experiment is in the 
range from 3 gr to 32 gr, depending the mixture. Clay preparation was particularly 
long (see Chapter 4 for a detailed description). 
 Experiments containing 100% clay or a minor amount of clay, required long time to 
dry before the test. Every test containing clay took at least one day of preparation 
plus one day for the test (see Chapter 4 for a detailed description). 
 Platens are heavy, being half cylinder ± 1760 g. After the gouges were positioned 
and press I the metal rig and oven dried, the sliding holder has to closed with the 
other half cylinder and then rotated vertically in order to slide the Teflon jacket and 
apply heat to keep the entire assemblage in position. This procedure it is needed to 
avoid imperfection in the heat-shrinking jacket, that can work as weak point with 
confining pressure and therefore failure is more probably to occur. Unfortunately, 
this procedure resulted in loss of powder, despite the cohesion given by the alcohol 
and the initial pressure, resulting in a failure during the procedure. 
 The procedure itself required time and numerous attempts to find the best way to 
handle the sliding holder, from the right material to be used to build it, to how 
manage the powders in a way to not lose too much samples during preparations, 
which is normal when approaching a new procedure. Despite the great attention paid 
in each step, several times we had to stop and begin again in case of errors, to 
improve each time the approach. The first chosen material used to build the sliding 
holder, even if with good mechanical properties, showed to be not resistant enough 
in case of inconvenience, e.g. grooves interlocking. The second stainless steel 
revealed to be a better alloy to use, but again it failed the calibration test for the 
presence of the soft and porous material chosen to cover the contact surface. The 
first sliding holder required nearly one year to be ready, the second six months and 
the third one, not provided of the pore fluid system and therefore more simple, 
required only one month. 
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4 Chapter 4: Direct Shear Friction Experiments 
4.1 Introduction 
In this chapter, an extensive description of the geological characteristics of the units 
collected is presented. Qualitative and quantitative methods to characterize mineralogical 
composition, density and particle size measurements are reported. The last part of the chapter 
is dedicated to the testing and results of direct-shear friction experiments.  
4.2 Lithological characterization of Mount Etna basement 
Intensive fieldwork was undertaken over a period of three weeks to collect the main 
lithologies present in Mt. Etna’s basement, in order to subsequently characterize them 
through detailed mechanical description using triaxial deformation experiments. The 
fieldwork was conducted between September and October 2015. Outcrops for sampling were 
targeted to match previous studies (Weismaier et al, 2015), and to build a broader sample 
set. According to their localities, units belonging to the Appenninic-Maghrebian Chain 
(AMC) were collected. To give as broad a representation of the basement as possible, 
carbonate rocks belonging to the Hyblean Plateau (HP) foreland and a sample of blue-grey 
clay belonging to the Gela-Catania foredeep were added to the collection. Figure 4.1 shows 
the outcrops from Weismeier et al, 2015 (green stars), while white stars indicate the outcrops 
of this fieldwork. A short description of each site follows.  
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Figure 4.1. Geological map of 
eastern Sicily (redrawn from 
Wiesmaier et al, 2015). The main 
lithologies are reported. Green 
stars indicate the position of the 
outcrops selected by Wiesmaier et 
al. (2015), yellow stars indicate the 
outcrops selected for this fieldwork. 
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4.3 Description of lithologies 
The following section presents the lithologies collected during the fieldwork. In the field, 
besides the rock collection, in situ measurements using a Schmidt hammer, type L suitable 
for rock testing, have been taken to gain a more complete overview of the rock mass 
mechanical properties of the selected lithologies. The Schmidt Hammer, or Rebound or 
Impact Hammer (HS hereafter) is a non-destructive technique developed to evaluate rock 
quality, obtained by reading the amount of rebound which is an index of surface hardness  
related to the uniaxial compressive strength of that rock mass (Aydin and Basu, 2005). 
Hardness is here considered as an indication of material behaviour rather than a fundamental 
material property, as it depends on the type of test employed to measure it (e.g. indentation, 
rebound or scratch tests). Hardness here depends on the properties of the surface 
investigated, according to the definition that is the measure of the material resistance to 
surface deformations. In this case, the hammer is provided with an internal spring and a 
piston. When loaded perpendicularly against the surface, the spring is released and the piston 
heats the surface at a known energy. The amount of rebound is measured giving a value of 
surface hardness (Fig. 4.2). As this technique provides only an index of hardness, it is 
recommended to be accompanied by other tests to evaluate the compressive strength 
(Roknuzzaman et al., 2017).  
  
Figure 4.2. Illustration of how a Schmidt 
Hammer measures material elastic 
properties: the piston moves from ‘ready to 
fire’ to ‘loaded’. In this way the internal 
mass is pushed back in a loading position. 
When released, the loaded mass will hit the 
surface at a certain amount of energy, and 
the rebound, which depends on the hardness 
of the surface, is measured (‘after firing’ 
position) (From McCarroll, 1994). 
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The scale is between 10 and 100, where 10 identifies weak surfaces and 100 means strong 
and hard surfaces. The hardness is influenced by several factors, such as smoothness of the 
surface, age of the rock, superficial and internal moisture, particle size (Roknuzzaman et al., 
2017). As follow in this paragraph, a short description and the in situ mechanical data are 
listed along with the results of Uniaxial Strength by Wiesmaier et al. (2015), reported here 
as average USC obtained using their results. In Table 4.1 are summarized the main 
characteristic of the lithologies, explained in details in the following sections. 
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 Table 4.1. Short description and mechanical analyses of the selected lithologies.  
 
Units Formations Description at the outcrop
Grain size 
(mm)
Colour Schmidt Hammer 
UCS Average 
(from Wiesmaier 
et al, 2015)
Gela-Catania Foredeep Quaternary Clay Silt-clay Very fine Blue-Gray N/A N/A
Mt Salici Flysch Quartz-sandstone, massive 0.5 - 4 Yellow 27.1 - Weak N/A
Mt Soro Flysch
Quartz-sandstone, intensively 
fractured, fractures filled in 
fine material
0.5-4 Grey-Yellow N/A 104.6 MPa
Nicosia Unit Sandstone, fractured, 0.5-5 Yellow
26.1 and 18.2 - 
Medium weak
17.49 MPa
Troina Unit
Mica-bearing sandstone, 
intensively fractured
0.5-4 Grey-Yellow 19.3 - Weak 87.06 MPa
Crisanti Fm
Limestone, intensively 
fractured, clayish interlayers
Very fine Red-Green 17.6 - Weak 231 MPa
Scillato Fm
Limestone, intensively 
fractured
Very fine Yellow-White 30 - Medium weak 120.75 MPa
African Plate Hyblean Plateau Ragusa Fm Massive layers of limestone Very fine White 23.95 - Medium weak
34.4 MPa 
(Priolo Fm)
Ionides Unit
Sicilide
Appenninic 
Maghrebian Chain
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4.3.1 Appenninic-Maghrebian Chain (AMC) 
AMC - Mt Salici Units (Numidian Flysch) 
Monte Salici Flysh: Mainly composed of Oligo-Miocene-age (Carbone et al., 2009; 
Monaco, 2012) alternating claystone, sandstone, and conglomerate. It is a monotonous 
alternation between dark claystone and quartz-bearing sandstone. The overall thickness 
of the units is 200 m (Carbone et al., 2009; Monaco, 2012). 
The unit at the outcrop is massive, with no visible bedding. The samples collected at 
the outcrop are mainly quartz-bearing sandstone, grain size varying from medium sand 
to very fine gravel at sight investigation, yellowish in colour (Figure 4.3 a and b). At 
the outcrop the unit appear massive with minor fractures. There are no visible beddings 
or laminations where inspected. 
 
Figure 4.3. a) Schematic stratigraphic sequence from Carbone et al., 2009; Monaco, 2012, 
and b) the outcrop of Monte Salici Unit. Hammer (28 x 2.5 x 19 cm) used as scale. 
HS= 24-24-25-25-27-27-28-29-30-32 Mean=27.1 Median= 27 
UCSav = N/A 
 
 
a b 
76 
 
AMC - Mt Soro Units  
Monte Soro Flysh: Primarily composed of a Cretaceous turbiditic sequence (Carbone 
et al., 2009; Monaco, 2012), with alternating calcareous claystone present at the top and 
the bottom of the sequence, separated by quartz-bearing sandstone. The basal sequence 
is composed of layered marly claystone that alternates with marly limestone. The 
median sequence is a turbiditic deposit of sandstone interlayered with clay that becomes 
a more massive sandstone upwards. The thickness of this unit is thought to be around 
500-600 m (Figure 4.4 a and b) (Carbone et al., 2009; Monaco, 2012). 
At the outcrop, the quartz-bearing sandstone was well exposed and suitable to 
collection. Fractures filled of silt-bearing loose material separate layers of massive 
quartz-sandstone up to 15 cm height, as possible to see in Figure 4.4b. The sandstone 
found in the outcrop should belong to the median sequence of the deposit, where the 
turbiditic sequence is becoming massive sandstone towards the end. At the outcrop only 
a small part is visible, not suitable to detect any particular feature to describe this portion 
of the turbiditic sequence according the Bouma sequence characterization 
(Shanmugam, 1997). 
 
Figure 4.4. a) Schematic stratigraphic sequence from Carbone et al., 2009; Monaco, 2012 
and b) the outcrop of Monte Soro Unit. Hammer used as scale. In red is highlighted the 
pervasive fractures filled in loose material. 
HS= N/A 
Fracture filled 
of loose material 
a b 
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UCSav = 104.6 Mpa 
AMC - Nicosia Unit  
Nicosia Flysch: The sequence is dated as upper Cretaceous-Eocene (Carbone et al., 
2009; Monaco, 2012), and divided in a basal part composed mainly by clay sequences 
(Argille varicolori di Nicosia = multicolour claystones) and a top part belonging to a 
turbiditic deposit. The sandstones are mainly quartz-bearing, becoming mica-bearing 
upwards. Towards the top there is a change to marly limestone. The sample collected 
is a quartz-bearing sandstone and shows coarse grain size (Figure 4.5 a and b) (Carbone 
et al., 2009; Monaco, 2012). 
At the outcrop, Nicosia Unit is a sandstone varying from fine (~ 2 mm) to coarse (>5 
mm) grain size, divided in visible layers. In the layers with coarse grain size it is 
possible to identify individual minerals (2-4 mm), while in the layer composed by fine 
grain size there are clear laminations (Figure 4.5b).   
 
 
 
 
 
 
 
 
Figure 4.5. a) Schematic stratigraphic sequence from Carbone et al., 2009; Monaco, 2012 
and b) the outcrop of Nicosia Unit. Coarse minerals are highlighted with red arrows. Hammer 
used as scale. 
HS fine grain size= 19-22-24-25-26-27-28-29-30-31. Mean= 26.1 Median= 26.5 
HS coarse grain size= 11-11-13-19-23-24-20-20-20-21. Mean=18.2 Median= 23.5 
a b 
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UCSav = 17.49 MPa 
AMC - Troina Unit  
“Flysh Troina-Tusa”: Composed by the Miocene age flyshoid units. They are grey 
marl interlayered with marly limestone in thick layers (Figure 4.6 a and b). (Carbone et 
al., 2009; Monaco, 2012). 
 
Figure 4.6. a) Schematic stratigraphic sequence from Carbone et al., 2009; Monaco, 2012 
and b) particular of the outcrop of Troina Unit, with focus on the transition from laminated 
sandstones to the limestone turbidite, as highlighted with the arrows. Hammer for scale. 
Troina Unit is a mica-bearing sandstone that is visibly laminated presenting at the top 
a clear transition to siltstone characterized by water transport structures. The samples 
collected are from the sandstones’ layers, which are intensively fractured and with a 
strong presence of calcite veins. The sandstone is fine to coarse grain size (Figure 4.6b). 
HS = 9-9-9-14-19-20-22-27-28-36. Mean= 19.3 Median= 19.5 
UCSav = 87.066 MPa 
 
 
a b 
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Ionides Unit - Crisanti Fm  
This unit comprises massive limestone beds, interbedded with clay-bearing strata. 
Limestone layers presents several fractures and degradation due to alteration, resulting 
fragile. The colour is reddish to greyish. Limestone beds present variable thickness 
from 3 to 20 cm, while unconsolidated interlayers varies from 1 to 15 cm. Along some 
fractures are present whitish halos probably due to fluid alteration (Figure 4.7). 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. Formation at the outcrop. Highly fractured, compact layers with variable thickness 
are highlighted with a green arrow, while the interlayers presenting mostly fine and 
unconsolidated material are highlighted with red arrow. Hammer for scale. 
HS = 9-10-15-15-16-19-20-22-24-26. Mean= 17.6 Median= 17.5 
UCSav = 231 MPa 
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Ionides Unit - Scillato Fm  
At the outcrop, the limestone shows fine grain size, whitish to yellowish in colour, with 
lenticular flints embedded. The outcrop is highly fractured, from closed fractures, to > 
5 cm opening (Figure 4.8).  
 
 
 
 
 
 
 
 
 
 
Figure 4.8. Scillato Formation is highly fractured, with fractures varying in aperture from few 
centimetres up to 15-20 cm. Not available scale for this picture.  
HS = 20-21-23-25-33-33-34-36-38-40. Mean= 30 Median= 33 
UCSav = 120.75 MPa 
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4.3.2 Hyblean Plateau Foreland 
HP - Comiso Limestone (Ragusa Fm) 
The Hyblean Plateau (HP) is mostly characterized by a thick Mesozoic-Tertiary 
carbonate sequence (see Chapter 2 for a detailed description) (Carbone et al., 2009; 
Monaco, 2012). 
Comiso is a small village near Ragusa, where Comiso Limestone, belonging to the 
Ragusa Formation, is extracted and carved (Figure 4.9). The limestone presents a series 
of monotonic layers with thickness consistently in the range 50-60 cm; interlayers of a 
fine grained material are observed also. The colour is whitish/yellowish. The overall 
bedding dip is 335°/16°. A number of 5 blocks has been purchased at the quarry, as this 
limestone has been used in previous experiments (Bakker et al., 2015b; Bakker et al., 
2016; Barbera et al., 2014; Bakker et al., 2013) and therefore it is a good comparison 
for further mechanical tests. 
 
 
 
 
 
 
 
 
Figure 4.9. The Comiso quarry. It is possible to note the sequence of monotonic layers of 
limestone dipping gently towards North.  
HS = 11-14-18-21-22-22-22-22-22-23-23-23-25-25-28-28-28-30-31-32-33. Mean= 
23.95 Median= 23 
UCSav (Priolo Fm – Hyblean Foreland) = 34.4 MPa  
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4.3.3 Gela-Catania Foredeep 
Blue-grey quaternary clay (Misterbianco Quarry) 
The foredeep basin started to form in the Miocene (Carbone et al., 2009; Monaco, 
2012). The sediment filling the basin show a regressive sequence of blue-grey clay, 
sand, and gravel. The blue-grey clays were deposited during submarine volcanic 
phases. Part of the foredeep is buried by the frontal part of the AMC, but deposition 
was still active during the compressive phases, so part of the sedimentary cover lies on 
the top of the AMC (Fiure 1.1, Chapter 1) (Carbone et al., 2009; Monaco, 2012). 
To collect this lithology the best site is in the Misterbianco Quarry, where a fresh wall 
is continuously exposed by excavations (Figure 4.10). At the time of the collection, the 
clays were dry due to prolonged hot weather (varying between 30°C and > 35°C in 
summer). The shallower layers of clay were dry and hard, hence unsuitable to be 
collected as cylinders for triaxial soil tests, which required samples of nearly 10 cm of 
diameter and 20 cm length. However, an entire block of clay has been collected to be 
used for triaxial experiments on powder. 
 
Figure 4.10. The wall of blue-grey clays in Misterbianco quarry. Depositional layers are very 
clear. It is possible to note as the colour turned into yellow from the usual blue-grey colour due 
to hot weather. 
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Blue-gray clay in Fiumefreddo 
In the geological map (yellow star in Figure 1, this chapter) a small outcrop of 
Quaternary clay is found close to the village of Fiumefreddo, which is close to the 
Pernicana Fault System (PFS). Quaternary clays in this portion of the area are mainly 
covered by conglomerates and volcanics, with variable depth ranging from -120 m to -
9 m detected by drilling (Groppelli and Tibaldi, 1999). Close to the villages of Vena, 
Presa anf Fiumefreddo they locally cropped out (Groppelli and Tibaldi, 1999). Samples 
were collected to be analysed by XRPD and XRF and confirm that they are matching 
in composition the blue-grey clay of Misterbianco quarry, information can be found in 
Appendix E. The presence of clay below the volcanic covers are particularly important 
in relationship with the behaviour of the sliding flank, as reported in Chapter 1, 
paragraph 2.3. 
4.3.4 Volcano edifice  
Etna Basalt Quarry  
‘Etna Basalt’ is a specific basalt lava extracted from a quarry in Camporotondo Etneo 
(Catania) (Figure 4.11 a and b). This basalt has been largely used as representative to 
characterize the mechanical properties of the units composing the edifice (Vinciguerra 
et al., 2005, Fazio et al., 2017, Benson et al., 2010, Benson et al., 2007, Fortin et al., 
2011, Heap et al., 2009), though it should be noted that the intact lava represents, 
probably, the strongest material forming the edifice. Unfortunately we were not allowed 
to get closer to the quarry wall for safety reasons and take in situ measurements. The 
basalt looks massive, with low porosity as highlighted from permeability tests run by 
Fortin et al., 2011. It can be interpreted as a middle section of a lava flow, exhibiting 
few vesicles, and a wide-spaced vertical (cooling) joint system.  
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Figure 4.11. a) and b) Panoramic view of the basalt quarry located in Camporotondo Etneo (Catania 
– Sicily) 
4.3.5 The Pernicana Fault System and the NE-Rift overview 
Piano Provenzana and Pineta di Linguaglossa 
During the fieldwork it was possible to visit also the eastern part of Mt. Etna, 
particularly along the trace of the Pernicana Fault System, accompanied by M. Neri 
from the INGV (Istituto Nazionale di Geofisica e Vulcanologia – Sezione Catania). 
Near the summit of the volcano, the NE-Rift is visible in Piano Provenzana, where 
several paths allow to hike and explore the various cinder cones and the recent lavas 
deposited during the 2002-2003 eruptions and after. The area is provided with touristic 
facilities, such as ski-lifts (in function during winter season), bars and info points. 
During the 2002-2003 eruption in concomitance of the developing of the NE-rift, these 
facilities have been destroyed and subsequently re-built. The most recent lava flows 
have descended towards these facilities and there are many paths allowing to get closer 
to them. From the NE-Rift starts the Pernicana Fault System (PFS): as explained during 
this overview, unfortunately the PFS doesn’t present a clear and visible fault plane, but 
rather it visible in few locations as volcanic material with some dislocation. For 
instance, in Pineta of Linguaglossa (in east direction respect the summit), it is possible 
to walk into woodland and observe a rare spot where the PFS is fairly visible: a little 
hill of 4-5 m height is indicating the passage of the fault. Others indications of the fault 
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movement, besides the GPS data, are given to the dislocation of street floor and small 
walls, as they cross the fault plane.  
4.4 Sample Drilling & Coring 
The samples collected were cut and prepared for coring at the sample preparation 
facilities based at the BGS in Keyworth. The minimum size required for triaxial tests 
with MTS apparatus is a cylinder of 54 mm diameter per 120 mm length. Initial 
attempts to core samples highlighted that, due to the presence of internal fractures, 
flaws, or other weaknesses in the rocks, not all of the units could be cored. Only the 
Comiso was strong enough to be cored at the appropriate size; the other litholgies, being 
poorly consolidated sandstones, claystones, or a highly fractured quartz-arenite, failed 
during the coring process.  To obviate this issue, some units have been selected to be 
used as gouges. 
4.5 Gouges Characterization and Properties 
Qualitative and quantitative techniques have been used to characterize the numerous 
samples collected, given their heterogeneity. 
4.5.1 X-Ray Powder Diffraction results 
X-ray powder diffraction (XRPD) is an analytical technique used to identify the 
mineralogical composition of rocks (Jenkins and Snyder, 1996). By crushing the rocks 
into powder, and by the use of X-Ray it is possible to evaluate which minerals are 
composing the whole sample. Minerals’ lattice is a fingerprint, as the array of atoms 
and their distance is unique for each one. Powdered samples allow to have a random 
orientation of all the minerals’ lattices, and therefore all possible diffraction directions 
of the lattices will be analysed (isotropic case) (Jenkins and Snyder, 1996). When 
investigated by X-Ray, the scattered patterns are collected by a detector and analysed, 
and according to their diffraction angle (given by the atom-atom distance) and intensity 
(all the peaks collected in a certain direction), is possible to recognize to which mineral 
they correspond, as peaks are unique for each mineral (Jenkins and Snyder, 1996). In 
this case, knowing the exact mineralogical composition of the rocks collected is a 
fundamental part to investigate their mechanical properties. All the samples collected 
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have been analysed for X-Ray powder diffraction; the results for each lithology is 
reported below.  
Monte Salici Unit 
XRPD for Mt. Salici Unit reveals that it is mainly composed of quartz, as highlighted 
by the red peaks which are characteristic for quartz. Presence of calcite (blue peaks) is 
detected (Figure 4.12). 
 
Figure 4.12. The XRPD analyses for Mt Salici Unit highlight the presence of mainly quartz 
(red peaks) and calcite (blue peaks). 
 
 
 
 
 
 
 
 
      Monte Salici 
 Quartz 
 Calcite 
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Monte Soro Unit 
XRPD for Monte Soro Unit shows that this lithology is composed by quartz (red peaks), 
chlorite (green peaks), muscovite (pink peaks) and plagioclase phases (blue peaks). 
Plagioclase here are reported as phases and not as end terms Albite and Anorthite, being 
not relevant for the investigation (Figure 4.13).  
 
Figure 4.13. The XRPD analyses for Mt Soro Unit. Peaks positions highlight the presence of 
quartz (red), Chlorite (green), muscovite (pink), plagioclase phases (blue). 
 
 
 
 
 
 
 
 
Monte Soro 
 Quartz 
 Chlorite 
 Muscovite 
         Plagioclase 
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Nicosia Unit 
XRPD for Nicosia unit shows that this lithology is composed by quartz (red peaks), 
clays minerals such as kaolinite (blue peaks) and illite (pink peaks) and plagioclase 
phases (green peaks) (Figure 4.14). 
 
Figure 4.14. XRPD peaks for Mt Nicosia Unit shows presence of quartz (red), kaolinite (blue), 
plagioclase (green) and illite (pink). 
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Troina Unit 
Composition of Troina unit shows the presence of calcite (red peaks), quartz (blue 
peaks), chlorite (green peaks) and muscovite (pink peaks) minerals (Figure 4.15). 
 
Figure 4.15. Analyses for Troina Unit highlight the presence of calcite (red), quartz (blue), 
chlorite (green) and muscovite (pink). 
 
 
 
 
 
 
 
 
 
 
 
Troina Unit 
 Calcite 
 Chlorite 
 Muscovite 
         Quartz 
90 
 
Comiso Limestone  
CL XRPD analyses show a composition of mainly calcite (red peaks) and quartz (blue 
peaks) (Figure 4.16). 
 
Figure 4.16. In Comiso Limestone are present only calcite (red) and quartz (blue). 
Blue-Grey Clay 
The steps to follow to analyse clays with XRPD technique are different to other 
samples. Clays need to be crushed and milled to separate them as much as possible 
from other mineral phases, but the procedure has to be done manually, to avoid the 
destruction of the clay mineral lattice. Therefore, all the samples collected have been 
manually crushed using a flying press and further separated by the use of a mortar and 
pestle. In terms of size, clays mineral size falls between 0.001-0.004 mm, and it is 
therefore important to select only the right fraction for the analyses. Hence, when the 
samples have been properly disaggregated, it needs to be added to a certain quantity of 
distilled water along with a deflocculant (dispersant - to avoid particle re-aggregation) 
and left to settle for 16 hours (decantation). According to Stokes’ law, heavy particles 
will precipitate, while clays will remain in suspension. After initial separation, smaller 
containers were filled with water containing clay in suspension without disturbing the 
sediment at the bottom. After being centrifuged, the clays contained in the water are 
deposited at the bottom of each container and they are ready to be collected, dried and 
tested for the first ‘whole rock’ X-Ray investigation. One of the major features to detect 
Comiso Limestone 
 Calcite 
 Quartz 
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within clays is the presence of swelling clays, such as smectite or illite minerals. The 
first step is glycollation, using the Ethylene Glycol Solvation procedure, in which clays 
are saturated with ethylene glycol (C2H6O2) to make them swell. After an overnight 
exposure in the glycollator at 60˚C, the samples are ready for the X-ray investigation, 
and if swelling clays are present they will be detected at this stage. The subsequent steps 
are to expose the samples both at low temperature (330°C) and high temperature 
(550°C), as some clays group are sensitive to temperature changes and it is easier to 
detect them. The treatment is set at constant heating and cooling rate, with a dwelling 
time of 1 hr to allow the sample to equilibrate at the target temperature. When cooled, 
the samples are ready for the X-ray investigation.  
Whole rock: air dried (AD) analyses for these samples show the presence of quartz, 
calcite, k-feldspar and muscovite and amongst the clay minerals the presence of 
chlorite, and kaolinite (Figure 4.17).  
 
Figure 4.17. Results for the XRPD analyses on bulk rock. 
Glycollation (GY): after the treatment with the glycollator, it is possible to reveal the 
presence of swelling clays, otherwise not visible in the previous test. Figure 4.18 shows 
the results up to 30° of 2-theta, as this is the portion where most of the peaks for clay 
minerals are detected. As it is possible to note, from the AD analyses in green to the 
Whole Rock 
 Calcite 
 Chlorite 
 Muscovite 
         Quartz 
 K-Feldspar 
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GY analyses in pink, there is a shift in the peak from 7 to 5 along the 2 Theta axis 
confirming the presence of smectite (Tomás et al., 2016). One of the most common 
mineral inside the smectite family is montmorillonite, a swelling clay. 
 
Figure 4.18. Results for the XRPD analyses on the sample after the glycollation procedure. It 
is possible to note the swift in the peaks from AD (green) to GY (pink) at 6 degrees 2 theta, 
highlighting the presence of smectite. 
Low temperature (LT, 350 degrees) and high temperature (HT – 550 degrees) 
treatments are reported together to highlight changes for minerals sensitive to 
temperature. Peaks for smectite compared with GY are not present already at LT 
treatment, as very sensitive to temperature. Kaolinite is destroyed with HT as 
demonstrated by the absence of the 2 distinctive peaks (blue line) compared to the LT 
treatment (red line). Mica and Chlorite minerals are insensitive to temperature and their 
peaks remain present (Figure 4.19). 
 
Glycollation 
 Air-dry 
 Glycollated 
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Figure 4.19. Results for the XRPD analyses on the sample after the LT and HT treatment. It is 
possible to note that the peaks highlighting the presence of kaolinite (red) are absent after the 
HT treatment (blue), as kaolinite is sensitive to high temperature. 
4.5.2 X-Ray Fluorescence results 
Combination of XRPD results with X-Ray Fluorescence results, gives the possibility to 
obtain the mineralogical phases present in the rocks along with the abundance of their 
chemical compounds reported in weight percentage (wt %). The X-Ray Fluorescence 
(XRF) results are reported in the table below. XRF is another useful analytic technique 
to obtain, in this case, quantitative data of the bulk composition of the samples 
(Beckhoff et al., 2007). This technique takes in consideration the amount and the 
wavelengths of x-ray released by the components of a crystal when invested by an 
external source of x-rays. The sample is prepared by crushing the rock into powder and 
then fused and cooled into chips. This allow to have a complete selection of the major 
and minor elements composing the rock, the total counting also those elements that 
cannot survive the heating (LOI=Loss of Ignition). When the chips is analysed, the x-
ray beam excites the electrons positioned into the inner orbitals removing them, and the 
vacancies are filled by electrons coming from the outer orbitals. This ‘jump’ to an inner 
position is happening through the release of energy in form of x-rays with a 
characteristic wavelength unique for each element, (qualitative analyses). The 
diffracted x-rays are collected by a counter, and their intensities give a quantitative 
Low&High Temperature 
 330° 
 550° 
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amount of each element. Combined with the LOI, it is possible to obtain the bulk 
composition of the rock. Regarding carbonates, CaCO3 is not surviving the ignition, 
then the total count is obtained from the LOI. In Table 4.2 the XRF results for the 
Etnean samples are reported.  
Table 4.2. X-Ray Fluorescence results for the selected lithologies.  
 
Notable is the high percentage of SiO2 in Mt. Salici and Nicosia Units, matching the 
XRPD and indicating the presence of almost only quartz in both of the samples. Another 
relevant result belongs to Comiso Unit, showing the 53% of CaO that combined with 
the 42.57% in LOI (Loss Of Ignition), reveals that Comiso Unit is almost a pure 
carbonate, with a minimum amount of quartz. Mt Soro presents a high quantity of 
quartz, a relevant percentage of aluminium and iron, and a minimum amount of sodium 
that combined with XRPD confirm the presence of Plagioclase, Chlorite and 
Muscovite. Troina unit sample results high in calcite, with a good amount of quartz and 
minor amounts of aluminium, iron and magnesium. The Quaternary clays show 
significant amounts of silica, aluminium, iron, magnesium, sodium, potassium, and 
LOI; according to the minerals indicated in XRPD, this corresponds to the presence of 
quartz, calcite, k-feldspar, muscovite, chlorite, kaolinite and smectite.   
4.5.3 Specific gravity – Density bottle method (BS 1377:1975)  
This method provides an accurate measurement of specific gravity of particles heavier 
than distilled water. The particles need to be quartered and riffled in three equal parts 
(about 30 g each) to ensure a homogeneous distribution of the grains. The weight of the 
bottles together with the dry powders is taken. Then, de-aired and distilled water is 
added into the bottle until the specimen is covered (half bottle) paying attention to not 
add air or disturb the specimen itself, and the bottles are placed in a vacuum chamber 
Name Bead SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 LOI Total
Mt. Salici LF41513 99.50 0.06 0.41 0.51 0.005 0.08 0.06 0.06 0.032 0.016 <0.002 0.44 101.18
Mt. Soro LF41510 89.49 0.31 4.93 2.70 0.066 0.48 0.13 1.04 0.449 0.038 <0.002 1.47 101.12
Nicosia LF41506 99.11 0.23 0.86 0.08 0.000 0.01 0.01 0.08 0.194 0.023 <0.002 0.37 100.97
Troina LF41509 19.95 0.30 5.39 3.78 0.147 1.19 35.38 0.38 0.913 0.076 <0.002 31.59 99.09
Comiso LF41516 2.29 0.04 0.22 0.13 0.007 0.91 53.30 0.02 0.047 0.051 0.040 42.57 99.63
Grey-Blue 
Clay LF40341 52.70 0.80 15.15 6.06 0.09 2.84 6.80 1.12 2.26 0.15 0.49 11.42 99.88
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until all the trapped air is removed. The powders are then stirred with a spatula and the 
entire procedure is repeated. When no more air is released from the soil, the bottles are 
removed from the chamber, filled up with de-aired water and put in a constant-
temperature bath (28°C) and left for at least 1 hour. When the bottles have reached the 
water temperature, they are weighed again (bottle+soil+liquid). To calculate the 
specific gravity 𝐺 = 𝐺𝐿 (𝑚2 − 𝑚1)/(𝑚4 − 𝑚1) − (𝑚3 − 𝑚2), where GL is the 
specific gravity of the water at constant temperature (assumed to be equal to 1000 in 
the case of distilled water); m1 is the mass of the bottles; m2 is the mass of the bottle+dry 
soil; m3 moss of bottle+soil+liquid; m4 is mass of bottle+liquid.  
Tables 4.3 below shows the specific gravity of the selected gouges used for the tests. 
From a total of six lithologies, only three have been chosen as representative (see 
section 4.6, this chapter). 
Table 4.3. Results of density particle methods for the selected lithologies.  
 
 
 
 
 
 
 
 
 
 
 
 
Method Specimen Reference
Particle Density 
Average (g/m3)
Mt Salici 2.5
Blue-grey quaternary clay 2.73
Comiso Limestone 2.73
Pycnometer
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4.5.4 Grain size distribution of clay 
The grain size distribution of the quaternary grey-blue clay was measured through 
sieving for the coarse fraction, and an X-Ray sedigraph for the fine fraction. The results 
are reported below in Figure 4.20.  
  
 
 
 
 
 
 
 
 
 
Figure 4.20. a) Grain size distribution for 
blue-grey quaternary clays. Results from X-
Ray Sedigraph technique. b) Visual 
representation of the quantity of sand 
(blue), silt (red) and clay (green) and c) 
percentage of sand, silt and clay obtained. 
 
 
 
 
Type %
Gravel 0.0
Sand 1.4
Silt 43.6
Clay 55.0
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4.6 Gouges selection and preparation  
4.6.1 Gouges selection  
After the detailed results obtained from XRPD and XRF presented in section 3, it is 
clear that the mineralogical composition of the selected lithologies varies significantly 
from one to another. From the lithological point of view, the basement is mainly 
composed by four intercalated materials: sandstone, claystone, carbonates, and clays. 
The purest units are the Comiso Limestone (98% calcite) and the Mt. Salici sandstone 
(99% quartz). For the triaxial direct shear tests, these two lithologies are selected as 
representative, mainly to avoid the occurrence of mechanical phenomena due to the 
presence of different minerals. In previous studies of granular mechanics, it has been 
seen how the grain size, grain angularity, mineralogy, layer thickness, and boundary 
surface roughness are all factors influencing sliding behaviour (Anthony, 2005). 
Angularity can promote stable sliding, at least for quartz gouges and carbonate gouges 
(Mair et al., 2002; Chen and Spiers, 2016).  
Mineralogical content influences the sliding behaviour of gouges (e.g. Ikari et al., 
2018). Tembe et al., (2010) combined mixtures of quartz, illite and montmorillonite 
showing how the friction coefficient is dependent of clay content: the friction 
coefficient of the samples containing variable amounts of clay fall inside the two end-
members of pure quartz and pure clays. Also Logan et al., (1987) investigated the 
frictional behaviour of quartz combined with montmorillonite, finding that the presence 
of clays decreased the friction coefficient. Anthony, (2005) conducted experiments on 
simulated gouges both with angular and spherical grains, with rough and with smooth 
boundary surfaces, and with varying layer thicknesses. They found that the presence of 
rough surfaces along with layers of angular grains consistently increased the friction 
coefficient. They also show that thin layers (2 mm) had a higher friction coefficient 
relative to thicker layers (8 mm).  For the purposes of this project, primarily because 
the tests are run with a new piece of equipment that needs to be tested, I have chosen to 
investigate the granular gouge of the pure units of the Etnean basement: The Mt. Salici 
quartz-sandstone and on the Comiso Limestone (see Table 4.2). To reproduce the 
natural conditions accounting for the presence of a significant clay-dominated 
formation within the basement, the quaternary blue clay were chosen to be added in 
binary mixtures of clay-quartz and clay-limestone. The investigations are run on 
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constant layer thickness of 2 mm, at increasing confining pressures (e.g. 10, 30, 50 
MPa), with static and dynamic velocity (e.g. constant strain rate, and rate & state 
experiments).    
4.6.2 Gouge preparation 
The selected lithologies for the frictional tests were crushed using a flying press and 
milled with a Retsch PM400 planetary mill. The quaternary clays were instead 
manually crushed, to avoid destruction of the clay fraction. Then the limestone and 
quartz-arenite powders were sieved to reach a grain size between <180 µm and >63 
µm, which can be considered as representing a natural variability of fault gouges 
(Engelder, 1974). Clays were manually sieved with the smallest diameter allowed at < 
40 µm. A possible procedure to separate the fine silt fraction from the clay is to immerse 
the sample in water. Allowing enough time (i.e. 24 hrs), silt will deposit at the bottom 
of the container while the clay fraction will remain in suspension. Collecting the water 
that contains the clay, it is possible to collect the clay fraction using a centrifuge. Once 
the clays are collected, they need enough time (depending on type of clay minerals 
present) to completely dry at room temperature. This procedure has been tried for a 
small amount of clay, to verify the amount of time needed to be completed: the total 
time to obtain a quantity of few grams is at least one week. Unfortunately, because of 
the large amount of gouge needed to prepare the experiments, this procedure is not 
considered as valuable, therefore it has not been possible to separate fine-silt grades 
from the clay-sized grain size fraction.  
4.7 Experimental procedure 
4.7.1 Sample preparation 
The gouges layers were prepared using a metal rig designed to suite half cylinder and 
equipped with a top screw that allows to stop the half sliding holder to rotate (Figure 
4.21 and 4.22a). The rig was designed to spread either a layer of 1 or 2 mm on top of 
the surface. Once the gouge is spread on the surface, a T-shape platens is used to press 
and level the gouge. The platens is designed to press down the layer up to 1 mm, or 2 
mm if the two separate bars are used as spacers. 
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Figure 4.21. Metal rig designed to host half cylinder to spread an even layer of synthetic 
powders of 1 or 2 mm. the metal rig is provided with a top screw to avoid the cylinder to rotate. 
The gouges were combined with water at the first try. Few drops of water were added 
until a ‘creamy’ texture is reached. This helped to spread uniformly the powder onto 
the sliding holder before being pressed with the ‘T-shape’ metal bar. The assemblage 
(i.e. the metal rig containing the half cylinder with the gouge) is placed in a hoven at 
40°C for at least 1 hour (i.e. for limestone and sandstone) or 1 day (i.e. for clay) to 
assure a complete evaporation of the water. Unfortunately, the combination with water 
resulted in a hardened and extremely brittle soil when dry. Therefore, following the 
same procedure, a 2-Propanol – ACS reagent, ≥ 99.5% pure (or isopropanol alcohol, 
C3H8O. Sigma-Aldrich Company Ltd.)) was used instead for limestone, clay, and 
mixed limestone-clay and sandstone-clay gouge samples preparation. Isopropanol 
showed a quicker evaporation (i.e. less than 1 hour for limestone), and when dry, the 
samples consisted of a soft, consolidated gouge layer. Carefully, the silicon stoppers 
were positioned at the end of each half-cylinder and the second half-cylinder was then 
positioned on top of the other, and all together stood vertically and then slid inside the 
Teflon jacket (Figure 4.22b). The Teflon jacket is heat shrinking, adapting itself 
perfectly around the cylinder whilst keeping everything together.  
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Figure 4.22. a) Metal jig with one sliding holder and a simulated gouge spread and compressed. b) 
Full sample assembly rotated vertically and sealed in a heat-shrinking Teflon jacket. c) To assure a 
complete protection of the simulated gouges during the experiments, an extra rubber jacket is used. 
a 
b
 
c 
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An extra impermeable membrane is added between the cylinder and the Teflon jacket 
to prevent oil infiltration. Because confining pressure combined with strain and the 
sharp edges of the half-cylinders can lead to failure of the jacket, an additional black 
rubber jacket is put on top of the other (Figure 4.22c).  
Simulated gouges were tested pure then combined with an increasing amount of clay to 
measure the changes in frictional properties. To assure the correct proportion of clay 
and gouges, the volume of the gap between the two half cylinders is calculated as 
follows: 
 
 
Volume of one groove: (0.71x0.71)/2 x 53.92 = 13.590 mm3 
Volume of all grooves: 13.590x2x98 (number of grooves) = 2663.75 mm3 
Volume of the gap between the surfaces: 2x98x53.92 = 10568.32 mm3 
Total volume: 2663.75+10568.32 = 13232.07 mm3 
Along with the particle densities calculated in section 3.3, this chapter, it is possible to 
obtain the weight of each powder combined to clay, the latter varying in percentage of: 
0%, 10%, 25 % and 50% clay (Table 4.4). 
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Table 4.4. Example of percentage calculation based on powders’ densities to obtain 
each powder fraction to be used in the experiments.  
 
4.8 Experimental conditions 
Two experimental procedures were designed to investigate the properties of the three 
natural end-members selected, and the binary mixtures of them. A first series of tests 
was done at a constant displacement rate of 0.001 μm/s and 3 confining pressures (e.g. 
10, 30, 50 MPa). The three confinements of 10, 30, and 50 MPa investigated represent, 
for an average density of 2.615 g/m3, an increasing depth into the Etnean basement of 
390 m, 1170 m and 1950 m, respectively. A second series of tests was done at a fixed 
confining pressure of 50 MPa but with variable displacement rates (i.e. velocity steps 
for rate-and-state analysis). Table 4.5 summarizes the experiments conducted: 
experiments conducted with the first sliding holder are shown in orange, of which the 
results are presented but not discussed because of the uncertainty about the quality of 
the data. Note that the percentages reported are indicating the increasing amount of 
natural quaternary clay mixed with the two end-members of quartz-sand and limestone. 
Successful experiments are reported in green, with the data presented in the following 
sections. In red are the experiments missing, due to lack of time within this study. 
Purple signifies that the experiments failed.  
 
 
 
g/mm
3
32.48427 100% 11899 Clay 2.73 0.00273
24.3632 75% 8924.25 Sand 2.5 0.0025
16.24214 50% 5949.5 Limestone 2.73 0.00273
8.121068 25% 2974.75
3.248427 10% 1190
29.7475 100% 11899
22.31063 75% 8924.25
14.87375 50% 5949.5
7.436875 25% 2974.75
2.97475 10% 1190
Gravimetric clay fraction (g) Volumetric clay fraction 
Gravimetric sand fraction (g) Volumetric sand fraction 
Volume=weight/density
Density g/cm
3
Density=weight/volume
Weight=density*volume
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Table 4.5. List of the experiments, divided into standard and rate and state, lithologies 
used and confining pressures. In green experiments done, in red experiments missing, 
in purple experiments failed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Type of test 
Confining 
Pressure 
[MPa] 
Quaternary natural 
clays
10 100%
30 100%
100%
10% 10%
25% 25%
100%
10% 10%
25% 25%
50% 50%
Rate and 
state, dry
50
100% 100%
90% 90%
75% 75%
50% 50% 50% 50%
Monte Salici (quartz-sandstone) Comiso limestone (limestone)
Constant 
Strain Rate, 
dry
100% 100%
100% 100%
50
100% 100%
90% 90%
75% 75%
50% 50%
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4.8.1 MTS Experimental procedure for Constant Strain Rate 
Similarly than for the calibration tests, the sample assembly is mounted inside the 
triaxial cell. The axial piston is brought as close to the assembly as possible without 
entering in contact. Then the cell is closed and filled in oil. Confining pressure is 
applied, and when the desired value is reached, the experiment begins: the axial piston 
starts to move at the applied constant strain rate of 0.001 mm/s and maintained 
throughout the entire experiment. In this procedure samples started to be deformed only 
when the axial piston was entering in contact with the sample assembly. Confining 
pressure was kept constant at the selected value throughout the experiment. The test is 
terminated once 9.5 mm of axial displacement is reached, as 0.5 mm are kept for safety 
to avoid any contact between the cylinders (Figure 4.23). 
Time, axial displacement axial sigma 1, differential stress, confining displacement, 
confining pressure and temperature were recorded all along the tests. 
 
Figure 4.23. Screenshot of the interface showing the procedure followed for the constant strain 
rate experiments with MTS. 
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4.8.2 MTS Experimental procedure for velocity steps 
The Velocity Steps procedure is thought to run at a constant strain rate of 0.001 mm/s 
up to 5 mm displacement, then a series of velocity changes are applied (Figure 4.24). 
The initial set-up of the experiment is the same followed for calibration and constant 
strain rate tests. In order the velocity steps are: 
From 0.001 mm/s to 0.01 mm/s – up-step at 5 mm displacement; 
From 0.01 mm/s to 0.001 mm/s – down-step at 5.5 mm displacement; 
From 0.001 mm/s to 0.1 mm/s – up-step at 6 mm displacement; 
From 0.1 mm/s to 0.001 mm/s – down-step at 6.5 mm displacement; 
From 0.001 mm/s to 0.01 mm/s – up-step at 7 mm displacement; 
From 0.01 mm/s to 0.001 mm/s – down-step at 7.5 mm displacement; 
From 0.001 mm/s to 0.1 mm/s – up-step at 8 mm displacement; 
From 0.1 mm/s to 0.001 mm/s – down-step at 8.5 mm to 9 mm displacement. 
 
Figure 4.24. Screenshot of the interface showing the procedure followed for the dynamic 
friction experiments with MTS. 
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4.8.3 Calculation 
As for the calibration tests calculations explained in section 4.1, Chapter 3, raw data 
obtained from each test need to be corrected.  At the beginning of the test the piston is 
not in contact with the sample to avoid undesired modification in the sample (i.e. 
accidental shearing if the piston touches the holder). For this reason, the zero point is 
considered when the axial force values become positive, hence when the piston begins 
contact with the sample. Once the starting point is selected, the values for time, axial 
force, and displacement are corrected. The apparent friction coefficient μ is calculated 
considering the ratio between the tangential force τ and the normal load applied (Lafaye 
et al., 2005) considering zero initial cohesion; hence in this configuration the normal 
stress is σ3 and τ is the axial load. The tangential force τ is calculated dividing the axial 
load by the contact area, the latter calculated considering the time interval and the 
displacement recorded by the PC to obtain a true value of area displaced. For the 
analyses of the rate and state parameters (a and b respectively), each step of velocity is 
analysed using the MatLab code RsFit3000; an interactive graphic user interface (GUI) 
created by  Skarbek and Savage, (2019) that allows to calculate the best fit for the values 
of a, b and Dc (the critical slip distance required for steady state sliding). Introduced by 
Dieterich, 1979 and Ruina, 1983, the rate and state friction law is widely used to 
describe how friction coefficient μ is dependent from velocity (v) perturbations and 
other internal variables θi (e.g. Skarbek and Savage, 2019; Marone, 1998). In particular, 
a and b express the direct and evolution effect that is happening when the velocity is 
changed, hence how the friction coefficient responds to the change (a) and how is the 
new steady state (b), and Dc is the slip distance needed to attain a new steady state. 
Hence the friction coefficient is: 
𝜇 = 𝜇0 + 𝑎 𝑙𝑛 (𝑣/𝑣0) + ∑ 𝑏𝑖 ⅈ ln(
𝑣0𝜃𝑖
𝑑𝑐𝑖
)           
 (1) 
To describe the evolution of the state variable, two equations are usually used. The 
aging law (Dieterich, 1979) 
𝛿𝜃𝑖
𝛿𝑡
= 1 −
𝑣𝜃𝑖
𝑑𝑐𝑖
           (2) 
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and the slip law (Ruina, 1983) 
𝛿𝜃𝑖
𝛿𝑡
=  −
𝑣𝜃𝑖
𝑑𝑐𝑖
 ln(
𝑣𝜃𝑖
𝑑𝑐𝑖
)    
 (3) 
RsFit3000 allows both the equations to be resolved (Skarbek and Savage, 2019). By 
resolving the rate and state friction law, it is possible to obtain information about the 
friction properties of the material tested. If (a-b) > 0 then the material is considered 
velocity-strenghtening; that is the strength of the material is increased and the sliding 
is stable. If (a-b) < 0, then the frictional resistance is decreased and the material is 
considered velocity weakening, presenting unstable sliding. 
 
Figure 4.25. Example of a velocity 
step event (from Skarbek and 
Savage, 2019). The velocity change 
from Vi to Vf is causing an abrupt 
increase in friction coefficient, 
followed by a new steady state after 
a critical distance dc. In the 
example reported, (a-b)<0 hence is 
velocity-weakening. 
 
4.9 Results 
As mentioned before, the results are presented for all the experiments conducted but 
the failed, therefore it includes results obtained with the first sliding holder, which are 
subjected of uncertainty: data for these tests are presented here but not discussed. The 
main reason of uncertainty is that those results could be altered by the contribution of 
any bending in the holder. The results obtained with the first holder show agreement 
with previous findings in literature regarding limestone and quartz-sand, however 
clay’s friction coefficient values are too high to be considered correct (e.g. μ~0.7), 
therefore also the other data are invalidated. Data are summarized in Table 4.6 below, 
with the uncertain experiments highlighted in orange. 
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Table 4.6. Description of experiments conducted. The steady-state apparent friction 
coefficient, μss, is taken at 2 mm displacement for each experiment. In orange the 
experiments with uncertainties and not discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Experiment
Gouge 
composition
T °C Pc Pf
Strain 
Rate 
(mm/s)
μss 
(2 mm)
(a-b) Sliding Behaviour Note
1_ClayCSR 100% Clay 20 10 0 0.0003 0.69 N/A Strain weakening
2_ClayCSR 100% Clay 20 30 0 0.0003 0.66 N/A Strain weakening
3_ClayCSR 100% Clay 20 50 0 0.0003 0.68 N/A Steady state
1_SandCSR 100% Sand 20 10 0 0.0002 0.64 N/A
Strain 
hardening/weakening
2_SandCSR 100% Sand 20 30 0 0.0003 0.59 N/A
Strain 
hardening/steady 
state
3_SandCSR 100% Sand 20 50 0 0.0003 0.62 N/A Strain weakening
1_LimeCSR 100% Lime 20 10 0 0.001 0.83 N/A Strain weakening
2_LimeCSR 100% Lime 20 30 0 0.00099 0.8 N/A Strain weakening
3_LimeCSR 100% Lime 20 50 0 0.00097 0.78 N/A Strain weakening
1_Lime90CSR 90%Lime-10%Clay 20 50 0 0.001 0.765 N/A Strain weakening Stick-slip
2_Lime75CSR 75% Lime-25%Clay 20 50 0 0.00099 0.61 N/A
Strain 
weakening/hardening
Stick-slip
3_Lime50CSR 50% Lime-50%Clay 20 50 0 0.00099 0.623 N/A
Strain 
hardening/weakening
Stick-slip
100ClayVS 100% Clay 20 50 0 variable 0.49 N/A Strain hardening
100LimeVS 100% Lime 20 50 0 variable 0.67 Velocity strenghtening Strain weakening
75LimeVS 75% Lime-25%Clay 20 50 0 variable 0.66 Velocity strenghtening Strain hardening
50LimeVS 50% Lime-50%Clay 20 50 0 variable 0.61 Velocity strenghtening Strain hardening
Values of 
friction 
coefficient 
too high
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4.9.1 Constant Sliding Velocity: End-members 
4.9.1.1 Quartz-sand Synthetic Gouge  
The results for quartz-sandstone friction coefficient are reported in Figure 4.26. The 
samples were prepared partially wet to assure initial cohesion during samples 
preparation. The three experiments with quartz-sand show almost identical curves for 
the three confining pressures tested (e.g. 10, 30 and 50 MPa). The three experiments 
are characterized by an initial sudden quasi-linear increase in friction coefficient 1 mm 
displacement. After this, the experiments reach a yield point before an initial state of 
strain hardening for all the tests.  
 
Figure 4.26. Friction coefficient VS displacement for the results of the end-member containing 
quartz-sand at increasing confining pressure. 
For 1_SandCSR at 10 MPa (light blue), the strain hardening is continuing up to 4.5 mm 
displacement, after that is becoming strain weakening. For 2_SandCSR at 30 MPa (dark 
blue) a consistent strain hardening to a maximum friction coefficient of 0.62 is present 
before a mild strain weakening persistent until the end of the experiment. 3_SandCSR 
at 50 MPa (black) shows strain hardening after the yield point, which it is becoming 
strain weakening until the end of the experiment with a trend matching 2_SandCSR. 
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The effect of varying the confining pressure up to 50 MPa seems to have little effect on 
these synthetic gouges.  
4.9.1.2 Quaternary Clay Synthetic Gouge  
Clay end-members show an anomalous high friction coefficient, in the range of 0.70. 
The three experiments show an initial steady increase until they reach a yield point 
approximately at 1 mm displacement. Test 1_ClayCSR at 10 MPa (light blue)  and test 
2_ClayCSR at 30 MPa (dark blue) MPa present a steady strain weakening until they 
reach a value of 0.55 and 0.60 friction coefficient, respectively. Test 3_ClayCSR at 50 
MPa (black) is maintaining a steady frictional strength until 9 mm displacement. The 
results are presented in Figure 4.27. 
 
Figure 4.27. Increasing confining pressures at constant strain rate for the experiments with 
quaternary clay synthetic gouges.  
The increasing confining pressure is markedly stabilizing the behaviour from strain 
weakening to steady-state. From 1_ClayCSR (light blue) to 3_ClayCSR (black) the 
trend tends to stabilize. The maximum friction coefficient obtained at the yield point 
for the three experiments is around 0.70. Unfortunately, as mentioned before, the 
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friction coefficient results are anomalous for clays, being the friction coefficient too 
high for this lithology.  
4.9.1.3 Limestone Synthetic Gouge  
For the Comiso Limestone synthetic gouges, the general behaviour is strain weakening 
(Figure 4.28), with friction coefficient decreasing from 0.80 for 1_LimeCSR (light 
blue), to 0.78 for 2-LimeCSR (dark blue) and to 0.75 for 3_LimeCSR (black). These 
values for limestone synthetic gouges are in the range of values found in previous 
studies on carbonate gouges (e.g. Chen 2015). As in the previous experiments presented 
here, the frictional strength is following a steady increase until a yield point within 1 
mm displacement. For 1_LimeCSR at 10 MPa (light blue) and 2_LimeCSR (dark blue) 
at 30 MPa, after the yield point the friction coefficient is slightly increasing up to 0.82 
and 0.80, respectively, before starting to decrease in a matching ‘strain weakening 
mood’ until the end of the experiments. For experiment 3_LimeCSR at 50 MPa, the 
friction coefficient is maintaining a stable behaviour up to 5 mm displacement without 
notable increment, followed by strain weakening until the end of the experiment 
(black).  
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Figure 4.28. Friction coefficient versus displacement for the three experiments with 100% 
limestone synthetic gouge at increasing confining pressure. 
4.9.2 Constant Sliding Velocity: Binary Mixtures 
The binary mixtures are thought to combine synthetic gouges of quartz-sand and 
limestone with increasing amount of quaternary clay, specifically the quantity of clay 
is increasing at 0%, 10%, 25% and 50%. This set of experiments is run at constant 50 
MPa of confining pressure and constant strain rate at 0.001 mm/s. These tests are run 
with the third sliding holder, hence because the results proved to be reliable, they are 
presented and discussed here.  
Figure 4.29. Results for the synthetic binary mixtures of limestone with increasing clay content. 
In yellow are reported the two end-member for comparison. 
The binary mixtures show to be sensitive to the clay content. Few common features are 
present in the data collected: after a quick increase in frictional strength the samples 
attained a constant value before 2 mm displacement, followed by a linear weakening 
(e.g. 1_Lime90CSR) or hardening (e.g. 3_Lime50CSR) response; the sliding behaviour 
present few stick slip events (e.g. at 4.1 and 4.2 mm displacement for 3_Lime50CSR); 
the friction coefficient attained by the samples fall between the friction coefficient of 
the two end-members, reported in yellow in Figure 4.29. Regarding the experiments 
3_LimeCSR and 100ClayVS here reported as end-members for comparison, few 
considerations are needed: friction data for 100% Limestone are taken from the 
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experiment considered as not reliable; for the same reason friction data of 3_ClayCSR 
are not considered, but instead here is reported the result for 100ClayVS, run with the 
third sliding holder, which is showing a friction coefficient of 0.5. In details, experiment 
1_lime90CSR (light blue) shows a steady increment up to 0.77 friction coefficient at 2 
mm displacement, followed by a mild strain weakening which is becoming more 
pronounced towards the end of the experiment. The increment of clay at 25% is 
decreasing the friction coefficient at 0.60 (dark blue) in the experiment 2_Lime75CSR, 
followed by strain weakening to a value of 0.58 at 4.5 mm displacement and followed 
by a mild strain hardening to the end of the experiment. At 50% clay, experiment 
3_Lime50CSR (black) is increasing consistently matching 2_Lime75CSR until the 
yield point, then is diverging becoming strain hardening and reaching the maximum 
friction coefficient value of 0.66 at 5.3 mm displacement followed by strain weakening 
until the end of the test. In all the experiments stick-slip is recorded, as highlighted by 
the red circles in the graph.  
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4.9.3 Rate and State Results: End-members 
4.9.3.1 Clay Synthetic Gouge  
Data for the velocity steps are presented in the typical graph displaying the friction 
coefficient versus the displacement. In Figure 4.30 is reported the experiment 
100ClayVS. The friction coefficient is showing a steady increase until a yield point 
from which the behaviour is strain hardening. At 2 mm displacement the value of 
friction is of 0.49. The general trend is of strain hardening until the end of the 
experiment, regardless the velocity changes.  
 
Figure 4.30. Result for the experiment of the end-member containing 100% clay. 
The state parameters (a-b) show to be positive for the steps analysed, so that the 
synthetic gouge is velocity strengthening. 
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4.9.3.2 Limestone Synthetic Gouge  
The experiment 100LimeVS shows to reach a maximum value of friction coefficient of 
0.70 at 1.3 mm displacement (Figure 4.31), after a steady increase in strength from the 
beginning of the test. The maximum value is followed by strain weakening behaviour 
until the end of the experiment. The (a-b) value are showing that this lithology is 
velocity strengthening. 
 
Figure 4.31. Friction coefficient versus displacement for the test 100LimeVS. The trend is 
strain weakening. 
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4.9.4 Rate and State Results: Binary Mixtures 
Experiments 75LimeVS (dark blue) and 50LimeVS (black) show a mineralogy 
dependence at increasing clay content (Figure 4.32).  
 
Figure 4.32. Friction coefficient versus displacement for the experiments with binary mixtures. 
In yellow are reported the results of the two end-members for comparison.  
From 100LimeVS (yellow) to 75LimeVS the yield point reach is respectively of 0.7 
and 0.63 friction coefficient at 1.3 mm displacement. Experiment 75LimeVS shows to 
be strain hardening, with an increasing strength until the end of the experiment, while 
the end-member 100LimeVS is markedly strain weakening. 50LimeVS is again 
showing a strength decrease, with the friction coefficient at the yield point of 0.58 and 
showing also in this case a sustain strain hardening until the end of the experiment. 
When the clay content is at 50%, the strength is reduced at 0.45 at 1.3 mm displacement 
in experiment 100ClayVS (yellow in Figure 4.32). The binary mixture show values of 
friction coefficient contained between the two end-members, even if 100LimeVS is 
decreasing in strength after the yield point.  The rate and state parameters (a-b) summed 
in Table 4.7 show a velocity dependence such as velocity strengthening at increasing 
clay content.  
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Table 4.7. (a-b) parameters, reported from the slip law, or Ruina law, obtained from 
RsFit3000.  
 
In 100LimeVS velocity steps are for the majority positive values, showing a negative 
result in the first up-step from 1 mic/sec to 10 mic/sec and up-step 5 which is again 
from 1 to 10 mic/sec. Negative values are present again at same up-steps for experiment 
75LimeVS, where the clay content is increased of 25%. The behaviour is becoming 
completely velocity strengthening in 50LimeVS and 100ClayVS, hence at increased 
amount of clay there is a stabilization.  
4.10 Discussion 
Of the actual available data on direct shear, Hunfeld et al., 2017 presents data on 
simulated gouges obtained by ‘crush and sieve’ method with the aim of studying the 
frictional properties of rocks belonging to a gas field under P-T conditions, pore fluid 
pressure applied and varying fluid salinity. However, even if saturated experiments, in 
their work they report results for a mixture of carbonate and claystone simulated gouge, 
which somehow it is comparable to the mixture presented here. Leclere et al., 2016 
presents data of permeability at increasing confining pressures for dehydrated gypsum 
gouges. Also Pluymakers et al., 2014 collects data on anhydrite simulated gouges at 
fixed confining pressure and increasing temperature. On carbonate simulated gouges, 
Chen et al., 2015 presents results on simulated gouges obtained with the ‘crush and 
sieve’ method from carbonate fault breccia, at a fixed confining pressure of 50 MPa 
and varying the temperature range, both in dry and saturated conditions. In this case it 
is possible to compare the data here presented with their rate and state experiments run 
100% Limestone 100% Clay 75% Limestone 50% Limestone
step1 -3.263e05 ± 6.644e-04 0.005 ± 1.16e-04 -8.35e-04 ± 0.001 0.003 ± 2.11e-04
step2 0.001 ± 7.049e-05 0.006 ± 7.58e-05 0.002 ± 1.07e-04 0.001 ± 5.02e-05
step3 2.407e-04 ± 10.671 0.007 ± 0.001 0.002 ± 2.99e-04 0.003± 1.92e-04
step4 0.001 ± 1.955e-05 0.005 ± 3.56e-05 0.003 ± 5.30e-05 0.001 ± 2.52e-05
step5 -1.369e-04 ± 1.4799e-04 0.008 ± 6.79e-04 -0.012 ± 0.04 0.002 ± 1.165e-04
step6 4.272e-04 ± 3.2863e-05 N/A 0.003 ± 3.51e-05 0.002 ± 2.89e-05
step7 N/A N/A
step8 0.0015 ± 4.346e-05 0.005 ± 2.20e-05 0.003 ± 5.18e-05 0.001 ± 1.64e-05
(a-b) 
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at 20°C. Another study collecting data on simulated calcite and limestone gouges is 
from Verberne et al., 2013. The direct shear experiments are run at 50 MPa confining 
pressure varying the temperature. Also in this case it is possible to refer to their data at 
~20°C. A wealth of data regarding the evolution of the frictional properties from pure 
clay to mixtures of clay and other minerals increasing the clay content, is found in 
literature when different techniques are applied, such as the double direct shear or the 
saw-cut configuration (e.g. Crawford et al., 2008; Ikari et al., 2009; Collettini et al., 
2009; Tembe et al., 2010; Tesei et al., 2012; Zhang and He, 2013).  
The tests presented in section 4.9.1 and 4.9.2 are run at constant strain rate, showing to 
be dependent on clay content, as highlighted in many previous studies (e.g. Ikari et al., 
2009; Tembe et al., 2010; Zhang and He, 2013). The friction coefficient shows to 
decrease sensibly from a content of clay of 10% to 25% and again from 50% to 100%, 
while almost no difference is found between 75% and 50%. The behaviour shows 
mainly strain weakening for the experiment 1_Lime90CSR, while at 75% and 50% is 
somehow contrasting: strain hardening then weakening for experiment 3_Lime50CSR 
and strain weakening then hardening for experiment 2_Lime75CSR. The end-member 
reporting the result for 100% clay shows a steady strain hardening regardless the slip 
rate changes. These results are in agreement with previous findings: Hunfeld et al., 2017 
texted some synthetic gouges obtained from natural samples in direct shear. Their 
samples of Basal Zechstein, which is a mixture of anhydrite (48%) and carbonates 
(32%) show a lower friction coefficient attained (0.63 < μss <0.66 between 1 and 2 mm 
displacement), probably because wet, and a strain weakening behaviour. Verberne et 
al., 2013 reported a mu peak of 0.7-0.8 attained at 1-2 mm displacement followed by a 
near-constant, slight decrease strain weakening behaviour. Other comparable results are 
obtained by Chen et al., 2015, who reported a friction coefficient attained of 0.63-0.7 
followed by a quasi-linear steady state regardless increasing temperature and sliding 
velocities. The examples here reported are experiments run with the direct sliding 
holder technique, using carbonate synthetic gouges. To the actual knowledge, the only 
study using a combination of 50-50 natural carbonate and clay (the latter obtained by a 
sample of claystone) is the mixture experiment presented in Hunfeld et al., 2017. Their 
brine experiment, showed to reach a maximum peak of mu=0.5 at 1 mm displacement, 
followed by a rapid decrease in strength and slight weakening until the end of the 
experiment. Experiment 3_Lime50CSR, considering than is oven dry, shows to reach 
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a yield point after a linear increase in strength, followed by a strain hardening until 5 
mm displacement, followed by strain weakening. Regarding the little instability 
recorded in experiments 1_Lime90CSR, 2_Lime75CSR and 3_Lime50CSR, the 
decrease in strength is of minor entity, probably due to particle reorganization or 
compaction rather than repetitive stick-slip instability. The experiment 100ClayVS 
shows to reach a point of yield deviating from the initial linear increase, with a 
measured μ=0.49 at 2 mm displacement, followed by a sustained strain hardening 
regardless the velocity changes. The result show to be in the range of the many previous 
findings (e.g. Crawford et al., 2008; Hunfeld et al., 2017; Tembe et al., 2010), despite 
resulting quite high for clay mineralogy.  
In Tembe et al., 2010 the experiments were run with pure illite samples obtain by 
gravity settling in water, which is not the case of this study, and they highlighted the 
difference in their results of a friction coefficient lower than the results obtained by 
Morrow et al., 1992, who run experiments with illite gouges obtained by rocks 
following of ‘crush and sieve’ the procedure. As Tembe et al., 2010 reported, the 
difference it can be cast in the different method of samples preparation. As highlighted 
previously in this thesis, the quaternary clay used fir the tests are obtained using the 
‘crush and sieving’ method, being the necessary quantity too high to be collected using 
the gravity settling in water. By the use of this procedure, the fraction of fine silt it is 
not remove from the sample, resulting in a higher friction coefficient.  
A similar trend is found in the rate and state experiments (Figure 4.32). Only the 
experiment 100LimeVS is showing a marked strain weakening after reaching the 
maximum point of frictional strength at 0.70. The response to the velocity perturbation 
in this experiment is in line with Hunfeld et al., 2017, showing both velocity 
strengthening and velocity weakening response, but not for example with Verberne et 
al., 2013, who found velocity strengthening in their (a-b) response for limestone 
gouges. Experiments 75LimeVS and 50LimeVS show again a similar strengthening 
trend in comparison to the constant strain rate experiments with the same clay 
percentage reported in Figure 24. However, in this case, the friction coefficient is 
slightly decreasing with the increasing amount of clay. At 75 % clay, the rate and state 
parameters show to have negative values in two up-steps (see Table 4.7), while the 
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behaviour is becoming totally velocity strengthening at 50% clay, denoting that the 
presence of clay has the function of stabilize the frictional sliding.  
Tembe et al., 2010 present their friction data of binary (quartz-montmorillonite, quartz-
illite) and ternary (quartz-montmorillonite-illite) mixtures according to the transitional 
regime proposed by Lupinl et al., 2009. The transitional regime proposes that a first 
increase of 25% in clay content provoke a moderate decrease in frictional strength in a 
phase called ‘turbulent shear’; at 70% clay content the frictional strength is significantly 
decreased entering in the ‘transitional regime’; finally, at 100% clay content, the 
frictional strength is at its minimum, entering the ‘sliding shear’ phase. As highlighted 
in the paper, few differences might to be taken into account: results from Lupinl et al., 
2009 concern data obtained at low stresses (1 MPa) while results from Tembe et al., 
2010 are at high stress (41 MPa). The active mechanisms during the shear slide are 
different, moving from grain-on-grain slip rather than grain crushing. In fact, data 
obtained at higher stresses often present a sustained strain hardening which it is not 
present at low stress. Further, the third ‘sliding shear’ flow it might not to be achieved 
for the total displacement allowed in triaxial apparatus respect to ring shear apparatus. 
However, despite the intrinsic differences that can be given by different gouges 
investigated and different stresses applied, the increasing content of clay has been 
proven to consistently decrease at increasing percentage of clay (e.g. Crawford et al., 
2008; Takahashi et al., 2011; Tembe et al., 2010). In Figure 4.33 are reported the 
friction coefficient measured at 8 mm displacement for the constant axial displacement 
experiments, which is near the end of the maximum displacement allowed in this study 
(e.g. 9 mm), where a stable sliding is almost attained.  
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Figure 4.33. Modified after Tembe et al, 2010. In the graph are reported friction coefficient 
results for experiments at high stress, such as this study, Tembe et al, 2010 and Logan and 
Rauenzahn, 1987 (red star, black square and black diamond respectively), and results for low 
stress, such as Lupini et al, 1981 and Brown et al., 2003 (white square and white circle 
respectively).  
The results of this study show to fall into regime 1 and 2 moving from a composition 
of pure clay to 75% clay, with a frictional strength that is slightly higher than previous 
studies. As highlighted in Figure 4.32, in this study the composition at 50% clay is 
strengthening respect to the composition at 75%, and the end-member at 100% clay is 
higher than results reported here. Following the subdivision in three regime proposed 
here, the results are not falling in regime 2 and 3, denoting that the simulated gouges 
here used are behaving in different, strong manner. In this case, apart for experiment 
100LimeVS which is showing a marked strain weakening behaviour, all the others are 
strain hardening or a combination of both strain hardening and weakening. As reported 
in section 3 and 4, this chapter, the clay used for this study are not pure clay, such as 
the montmorillonite powder commercially purchased by Tembe et al, 2010, but indeed 
a natural gouge containing different amount of clay minerals, as reported in section 3.1 
and 3.2, this chapter. Furthermore, even if in this study the samples are called as clay, 
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they were hand sieved below 40 μm which allows the passage of fine silt, therefore they 
cannot be considered as pure clay from the granulometric point of view.  Bearing this 
in mind, the strain hardening observed in the experiments can be interpreted as angular 
grains self-organization in force chain through the layer, combined with the presence 
of rough boundary surfaces, which are found to increase the frictional strength respect 
to friction coefficient measured with non-angular grains and smooth boundary surface 
(e.g. Anthony, 2005). These force chains fail as the sliding continue, creating 
compaction in the layer: this is also the interpretation for the few small events of 
strength drop recorded into the constant strain experiments (see Figure 4.32). 
Carbonate-rich gouges presented in Hunfeld et al., 2017 present angular grains in 
contact strongly fractured. The augmented clay content is decreasing the frictional 
strength, but still remaining high. In this case, the interpretation is that the frictional 
strength is moving from a stress-supporting framework of grains to a fabric where 
grains are embedded into a clay matrix, probably characterized by the development of 
preferential shear zone, in which shear localization occurs (e.g. Hunfeld et al., 2017; 
Ikari et al., 2011; Tembe et al., 2010; Tesei et al., 2012).  
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5 Chapter 5: Conclusions & Concluding Remarks 
5.1 Conclusions 
This thesis research aimed to study the frictional and mechanical behaviour of Etnean 
lithologies subjected to simulated in-situ environmental effects, such as changes in 
temperature and water presence, at representative pressure conditions. The results 
obtained significantly improve our current understanding on the working mechanisms 
underpinning the volcano flank instability. The datasets produced are unique and 
contain a wealth of information only partially analysed within the scope of this work. 
In the first part of the project, the new experimental results obtained within the context 
of dyke emplacement simulation on Comiso Limestone strongly support the coupled 
effect of temperature and water presence in promoting micro-cracking development and 
enhancing the inelastic behaviour of macroscopic deformation. In particular, this study 
shows the strength and strain accommodation dependence of the carbonate rock related 
to the proximity to magmatic bodies and the presence of pore fluid, both as a function 
of burial depths (pressure) and fracture damage. Medium and high temperature were 
used to create thermal damage in the specimens prior to the mechanical testing to mimic 
the thermal stress of a distant heat source or the influence of a “recently cooled” magma 
body into the host carbonate rock.  
Based on the results, the conclusion is that even a modest temperature of 450 °C can 
affect the carbonate strength, which is relevant for the units present in the substratum 
underlying Mount Etna. At 600 °C does CL definitely become weaker, so below the 
decarbonisation point. Triaxial experiments confirmed that CL does not generate 
significant acoustic emissions, at least up to 450 °C of thermal treatment. However, a 
substantial development of new micro-cracks between 300 °C to 450 °C has been 
detected by the recording of ultrasonic wave velocities after the thermal treatment, 
which decreased from 4.26 km/s to 3.55 km/s and up to 2.83 km/s at 600 °C. 
Additionally, the study highlights that the marked decrease in mechanical strength of 
CL either due to thermal damage or the presence of water (pore fluid) enhances inelastic 
strain accommodation without dynamic failure by promoting the brittle-ductile 
transition regime of deformation at shallower depths. Finally, even if beyond the 
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primary scope of our study, our modelling results indicate that the critical aseismic 
temperature zone in relation to the CL unit is likely to extend as far away as 2.5 km 
away from a 10 m thick dyke, a distance encompassing a large thickness of sub-Etnean 
pile if applicable, thus suggesting a very ductile substratum.  
The second part of the project quantifies, for the first time, the frictional properties of 
some representative members of the sedimentary basement of Mount Etna. The 
development of the sliding holders to allow the performance of the direct shear 
experiment brought an unforeseen mechanical engineering aspect to the project in 
addition. The major issues encountered were related to the upscale of the holder itself, 
the use of the right stainless steel, the gouge preparation and the experimental 
procedure. Nevertheless, even if a lesser amount of experiments respect to the original 
plan were successful, the data reported already shed light on significant aspects of the 
frictional properties of the selected simulated gouges. The simulated gouges properties 
are dependent on mineralogy, with the frictional strength decreasing with increasing 
clay content. This pattern is observed also when velocities changes are applied: at 
increasing clay content, the sliding behaviour is stable, as (a-b)>0. Projected to Mount 
Etna instability, these results provide a first insight on how a fault cutting through the 
quaternary clay strata, or inside the AMC where the content of claystone and clay is 
consistent, can behave in a stable manner. This can be seen especially regarding the 
Pernicana Fault System, where the sector approaching the Ionian Sea is ‘silent’, in other 
words it is behaving as aseismic creep respect the sector close to the summit, where 
seismic events occur. 
5.2 Concluding remarks 
The development of the sliding holder required much of the project time to be invested 
in its development rather than on effective laboratory experiments. This is something 
normal when a new piece of tools needs to be prepared and tested in order to conduct 
precise analyses. At the actual state, it was not possible to recover intact samples of 
powders at the end of the experiments, as most of the powders were destroyed while 
trying to collect them from the contact surface, therefore not microstructures analyses 
were performed. A proper procedure aimed to collect intact chips of powder needs to 
be developed. Furthermore, the actual experimental setting can be developed inserting 
radial strain measurements, to obtain a quantitative measure of layer compaction, along 
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with the use of acoustic emissions transducer to reveal the presence of noises indicating 
grain micro-fracturing.    
5.3 Future developments 
The possibilities to expand investigations on the topic of edifice stability are numerous. 
Regarding Mount Etna, which is the main focus of this work, there are several areas of 
research that may contribute to better understanding of volcano stability, including for 
instance: (1) Constraining the role of basement foliation on failure, and patterns and 
character of deformation and seismicity in the basement; (2) the mechanical properties 
of the layered cover of basaltic rocks; (3) the transmission of strains and style of 
structures passing from the basement to cover, and vice versa; (4) the role of fluids and 
fluid pressure in controlling gouge frictional properties, and host rock intact strength in 
the cover and basement; and (5) the role of an elevated geothermal gradient in 
controlling rock strength and deformation mechanisms, in such a volcanically active 
system. 
 
1. Constraining the role of basement foliation on failure, and patterns and character of 
deformation and seismicity in the basement 
In outcrop, basement foliations within the AMC are generally E-W striking, following 
the structural grain of N-S shortening. Fold and thrust systems show an overall 
southward vergence, with thrusts and reverse faults dipping at a range of angles towards 
the north. The strike of these structures is therefore at a low angle to the Pernicana fault 
system, but at a high angle to the Timpe normal faults. Questions remain, therefore, 
how these two orthogonal structures variably interact with the basement foliations: (a) 
Does the Pernicana sole into foliations in the basement, or across the foliation to join 
the Timpe? (b) Does the basement foliation impose a control on the geometry of the 
Timpe fault (i.e., does it affect the length and or continuity of the fault plane?), and/or 
the kinematics of the fault system. 
o Future work could focus on triaxial testing of intact samples of the foliated 
basement rocks, seeking to perform tests at a range of orientations relative to 
the foliation. Collection of samples presenting bedding and/or tectonic foliation 
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(e.g., cleavage and/or shear planes) can present variable strength depending on 
the orientation of these structures to the applied stress. Mount Etna’s basement 
is composed by several units of sedimentary rocks highly deformed and 
therefore probably retaining intrinsic strength variability.  
 
2. The mechanical properties of the layered cover of basaltic rocks 
Current studies of the Etnean cover focus on the use of the eponymous “Etna Basalt”; 
a basalt collected from the massive core zone of a thick lava on the south flank of Etna. 
Etna basalt is low porosity (~3%), and strong, with a UCS strength of 475 MPa. 
Typically, the core zone of simple sheet lavas may account for >50% of the lava total 
thickness. Relatively high porosity flow unit tops, and intermediate-porosity flow unit 
bases, can account for ~1/3 of the total thickness. In addition, lavas are commonly 
interlayered with volcaniclastic and pyroclastic units of conglomeratic through to 
finely-granular material. The basal sequence of pre-Etnean volcanic rocks is dominated 
by subaqueous volcanic deposits, including hyaloclastites, pillow breccias, and pillow 
lavas. Subaerial lavas, such as the Etna Basalt lava, are therefore emplaced in places 
onto a pile of fine-grained volcanic glasses that are likely to be highly altered by low to 
high temperature fluids. Etna Basalt, therefore, is not a representative material for the 
layered and heterogeneous composition of the Etna edifice; it is a strong end-member 
of the system. 
o To gain a more detailed overview of the overall strength of the volcanic terms, 
a set of UCS and triaxial tests on intact rocks collected from the top and basal 
units of lava flows should be taken into consideration to describe the edifice 
strength. Further, the edifice is constrained in its north-western sector by the 
presence of the AMC, while its south-eastern sector if free to slide towards 
the Ionian Sea. The edifice is emplaced onto altered layers of volcanic glasses, 
and highly degraded lava products can be found today in outcrops along the 
coast, and inland around Palagonia, but presumably the entire south-eastern 
sectors is lying of top of weak materials, besides the quaternary clays used in 
this project. It would be of great interest to perform a series of triaxial 
experiments both on intact rocks (depending the weakness of the altered 
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samples) and/or on simulated gouges, at in situ boundary condition, to obtain 
more data on their strength and frictional properties. 
 
3. Faults that cut the basement and cover. Both the edifice and the basement are 
interested by several fault systems, starting from the surface dipping into the basement 
and/or viceversa: these faults are reasonably juxtaposing volcanic terms against the 
sedimentary lithologies of the basement. 
o Using the direct shear sliding holder, investigations of the frictional properties 
on binary and ternary mixtures containing basalt-clay, and basalt-clay-
limestone at increasing percentage of wt% of clay can be taken into 
consideration. 
 
4. The role of fluids and fluid pressure combined with thermal gradient in controlling 
gouge frictional properties, and host rocks intact strength in the cover and basement.  
o Application of pore fluid pressure, along with in situ temperature to mimic the 
conditions at which the Etnean rocks are subjected during magma emplacement 
in order to answer the following questions: a) How is the frictional strength 
degrading in presence of water and pore fluid pressure at relevant pressure 
conditions? and b) How is it degrading at hydrothermal condition? 
 
Finally, the results obtained from these future developments could be useful in 
modelling the actual instability of Mount Etna. 
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Appendix A. Fiumefreddo Quaternary Clay – XRF Investigation 
As reported in Chapter 1, the edifice is resting on a top of a complex sedimentary 
basement: during the Quaternary Period the area actually occupied by the edifice was a 
gulf where clays have been deposited (Rittmann A., 1973). The initial submarine 
volcanism shifted to subaerial volcanism starting to build the actual edifice, 
accompanied by a regional uplift (Rittmann A., 1973). The edifice is then lying on top 
of layer of quaternary clays, which can play a fundamental role in promoting flank 
instability (Groppelli and Tibaldi, 1999; Mattia et al, 2015). The clay are outcropping 
around the feet of the volcano, for instance in Misterbianco (southern sector), and 
sometimes they are outcropping as isolated spots were volcanic covers are missing. 
This is the case of Fiumefreddo (north-eastern sector) clays, here collected to test their 
quantitative composition (e.g. X-ray fluorescence analyses) to be confronted with 
Misterbianco clays, here used as simulated gouges for the tests. 
 
From XRF it is possible to note that the two sample of clays collected are showing 
nearly the same composition, and therefore the results obtained in this study can be 
considered valuable at least for the lithologies present below the north-eastern sector of 
the edifice. 
 
 
 
 
 
 
 
 
Name Bead SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 LOI Total
Grey-Blue 
Clay   
LF40341 52.70 0.80 15.15 6.06 0.09 2.84 6.80 1.12 2.26 0.15 0.49 11.42 99.88
Fiumefred
do
LF41517 51.88 0.74 14.91 5.94 0.123 2.63 8.56 0.86 2.147 0.158 0.072 11.69 99.71
129 
 
Appendix B. Calibration Procedure 
 
The MTS computer interface allows to create a procedure a priori, hence it is not 
possible to change the procedure while the test has started: every step needs to be 
thought is advance. In the screenshot here reported, the procedure used for calibration 
tests with applied confining pressure is reported. The procedure followed is: 
 Sample positioned inside the cell; 
 The cell is closed and filled in oil; 
 All the relevant information about test conditions and sample are saved into the Pc 
interface; 
 The procedure is activated; 
 The first operation is to apply confining pressure until the desired value; 
 The axial piston is activated, but not being in contact with the sliding holder it 
requires a while to start to apply axial load; 
 First displacement until 5 mm; 
 At 5 mm displacement, the axial load is removed to check the recovery properties 
of the material used as stoppers; 
 Apply again axial load; 
 Displaced the full capacity of the sliding holder up to 10 mm; 
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 Retract the axial piston and unload the sample completely. 
The same procedure is followed for samples tested without confining pressure (e.g. 
Cycle 1 and 2). 
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Appendix C. MATLAB  
 
RsFit3000 is a graphical user interface (GUI) created by Sharbek and Savage, 2019. 
This GUI uses the aging and slip laws to calculate the evolution of the state parameters 
a, b and Dc by fitting the velocity change events in rate and state experiments. The GUI 
allows to detrend the weakening/hardening trend sometimes present in experiments 
dataset. Completed fits are saved in MatLab structures reporting all the relevant values, 
such as a, b, Dc, stiffness along with their calculated errors.  
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The original datasets (e.g. axial displacement, time, confining pressure, friction) are 
uploaded into the GUI, which is plotting the curve in the first window on the left side. 
By zooming into the first step, it is possible to select the first step and start the procedure 
to detrend the curve: the GUI allows to select Point 1 (before the jump), Point 2 (after 
the jump) and a reference point (usually right before the event). The detrended velocity 
step is plotted into the third window on the right side.  
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Once the selected velocity step has been detrended, it is possible to select the point at 
which the velocity step takes place, determining the change in the velocity. A picture 
is provided to check that the selected point it is actually at the beginning of the step. 
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The last part of the procedure is to insert guess values for friction coefficient, a, b, Dc 
and stiffness. It is possible to choose how many values to consider and to keep fixed 
few of them, such as friction coefficient and stiffness. Once the values are inserted, the 
GUI allows to calculate the resulting fit. This first result is just giving a visual report of 
the fitting curves obtained with the guess values of the parameters. If the curves are not 
fitting well, it is possible to modify the values and recalculate the fit. Once a good fit is 
found, it is possible to obtain the values and save them in a MatLab files.  
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